Generation and selection of motor behaviors neural circuits and endocannabinoid modulation by Song, Jianren
 From the Department of Neuroscience 
Karolinska Institutet, Stockholm, Sweden 
 
 
Generation and selection of motor behaviors 
Neural circuits and endocannabinoid modulation 
 
 
Jianren Song 
 
 
Stockholm 2015 
  
 
 All previously published papers were reproduced with permission from the publisher. 
Published by Karolinska Institutet.  
Printed by Eprint AB 2015 
© Jianren Song, 2015 
ISBN 978-91-7549-967-3 
 
Cover image : Neuronal Network 
painted by Na Guan. 
  
 
 
 
 
Institutionen för Neurovetenskap 
 
Generation and selection of motor behaviors  
Neural circuits and endocannabinoid modulation 
 
AKADEMISK AVHANDLING 
som för avläggande av medicine doktorsexamen vid Karolinska Institutet offentligen 
försvaras i Farmakologens föreläsningssal, Nanna Svartz väg 2 
Fredagen den 5 Juni 2015, kl. 09.00 
av 
Jianren Song, MD 
 
 
 
 
 
Huvudhandledare:  
Professor Abdel El Manira 
Karolinska Institutet 
Department of Neuroscience 
 
Bihandledare:  
Professor Sten Grillner 
Karolinska Institutet 
Department of Neuroscience 
 
Fakultetsopponent: 
Professor Jack Feldman 
University of California, Los Angeles, USA 
Department of Neurobiology 
 
Betygsnämnd: 
Professor Barbara Canlon 
Karolinska Institutet 
Department of Physiology and Pharmacology 
 
Associate Professor Frederic Brocard 
Aix-Marseille University, Marseille, France 
Institut de Neurosciences de la Timone 
 
Associate Professor Christian Broberger 
Karolinska Institutet 
Department of Neuroscience 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
To my parents 
献给我的父母 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 ABSTRACT 
The generation of basic motor behavior relies on the activation of spinal neuronal 
networks called central pattern generators (CPGs). Descending drive from higher brain 
areas activates the spinal CPG to generate motor behavior. In the face of changes in the 
environment, animals make constant motor behavioral selection. Both the generation 
and selection of motor behavior are performed by activating hard-wired neural circuits, 
whose activity is further refined by neuromodulation. In this thesis, we use the spinal 
locomotor networks in lamprey and zebrafish to explore the neural mechanisms 
underlying the generation and selection of motor behaviors. Firstly, in lamprey spinal 
locomotor circuits, we show that the release of endocannabinoids increases the 
excitability of the spinal locomotor network by depressing inhibitory synaptic 
transmission and potentiating excitatory synaptic transmission. Secondly, we show that 
the behavioral selection between escape and swimming in zebrafish is mediated by a 
hard-wired circuit. This circuit is supplemented with endocannabinoid modulation that 
promotes escape and suppresses swimming. Thirdly, we uncover a novel modular 
organization of the spinal locomotor circuit. We demonstrate a selective pattern of 
connectivity between excitatory V2a interneurons and motoneurons segregating them 
into slow, intermediate and fast sub-circuit modules. Fourthly, we show the existence 
of electrical coupling between motoneurons and excitatory V2a interneurons, which 
extends motoneurons influence onto premotor V2a interneurons. This enables 
motoneurons to become embedded in the spinal circuits generating the locomotor 
rhythm. Overall this thesis provides insight into the mechanism of generation and 
selection of motor behaviors. 
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1 INTRODUCTION 
 
Throughout the history of neuroscience research, scientists have put great effort into 
searching for suitable preparations to study important questions. These preparations 
range from invertebrates (molluscs, worms, insects, and crustaceans) to vertebrates 
(fishes, birds, amphibians, reptiles, and mammals). Interestingly, a high conservation of 
neural construction and a commonality of the operating mechanism in the nervous 
system have been observed across most of these species (Marder, 2002). Studies in 
animals with fewer neuronal types, smaller neural networks and more accessible 
nervous systems have revealed numerous general principles that can be applied to the 
nervous systems of other, less accessible species. 
 
Hodgkin and Huxley used the giant axon of squid to describe the mechanisms 
underlying action potential (Hodgkin et al., 1952). Furshpan and Potter was the first to 
discover electrical synapses in crayfish (Furshpan et al., 1959). Dudel and Kuffler used 
quantal analysis to demonstrate presynaptic inhibition at the neuromuscular junction of 
crustaceans for the first time (Dudel et al., 1961). Nicholls and Wallace first discovered 
that presynaptic depolarization facilitated synaptic transmission in leech heart 
interneurons (Nicholls et al., 1978). These are just a few examples of fundamental 
principles, which were first discovered in the accessible neural circuits and later 
demonstrated in more complicated nervous systems, for example the mammalian 
nervous system. 
 
Today, the advantage of studying small neural circuits in accessible preparations (e.g. C. 
elegans, Drosophila and zebrafish) is that these nervous systems contain few neurons 
and are amenable to genetic manipulation. These properties allow scientists to study the 
details of the neural components in neural circuits as well as the detailed 
neuromodulation during certain behaviors. In C. elegans, the components of neural 
circuits underlying certain behaviors have been well mapped with respect to neuronal 
connectomics, neuromodulators, and calcium signaling (White et al., 1986; Bargmann 
et al., 2013). In Drosophila, by using molecular markers or genetic identification, 
almost every neuron can be identified with respect to its morphology, location and 
connectivity, as well as its function in the network (Dickson, 2008; Bidaye et al., 
2014). In zebrafish, the transparency of the fish makes them advantageous for optical 
studies of neuronal circuits and behavior. Neuronal activity can be imaged or recorded 
with single-cell resolution in the brain or spinal cord (Ahrens et al., 2013; Portugues et 
al., 2014). Laser ablations of individual neurons in intact fish help in finding causal 
links between neurons and behavior (Fetcho et al., 1998; Liu et al., 1999; Eklöf-
Ljunggren et al., 2012). Moreover, combinations of genetic approaches employing 
mutant and transgenic lines promise to make the zebrafish an attractive and powerful 
vertebrate model.  
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1.1 CENTRAL PATTERN GENERATORS – NEURAL CIRCUITS OF 
RHYTHMIC MOVEMENTS  
 
The concept of the central pattern generator (CPG) refers to the neuronal circuits that 
are able to generate an organized pattern of rhythmic motor activity in the absence of 
sensory inputs and was first described in invertebrates (Bullock, 1961). Later, many 
invertebrate and vertebrate preparations have been developed to study the neural 
circuits and the neuromodulation in the CPG network (Stein, 1971; Delcomyn, 1980; 
Grillner, 1981; Sten, 1981; Kristan et al., 1983; Smith et al., 1991; Hooper et al., 2004; 
Büschges et al., 2008). These extensive studies have led to a greater understanding of 
the basic cellular and circuit computations that underlie the rhythmic motor patterns.  
 
Rhythmic movements, such as breathing, swallowing and locomotion, are driven by 
distinct CPG networks, which are located in different nuclei of the brainstem or 
different parts of the spinal cord (Holstege et al., 1983; Smith et al., 1991; Grillner, 
2003). Efforts have been made to establish the appropriate preparations each with their 
own unique accessibility and advantages to understand the CPG networks at the 
cellular and circuit levels. One of the most prominent preparations is the in vitro 
brainstem slice (the medullary slice) in rodents to study the CPG network underlying 
breathing (Smith et al., 1991). The medullary slice enables both recording of the 
breathing motor burst from the hypoglossal nerve roots as well as single cell recording 
from the rhythmically active neurons. By controlling the exact cutting sites and 
pharmacological treatment, the preBötzinger complex (preBötC) in the brainstem was 
shown to be responsible for the generation of the breathing rhythm (Smith et al., 1991; 
Feldman et al., 2003). The mechanisms underlying the rhythm generation in the 
preBötC were revealed by further studies in this preparation and are dependent on the 
synchronization of the activity of a group of excitatory interneurons, which display 
bursting pacemaker properties, while the inhibition in preBötC and BötC is responsible 
only for the pattern formation (Feldman et al., 2013).  
 
There are many other excellent preparations suitable for studies of the CPG network 
(Delcomyn, 1980; Shafer et al., 1981; Harris-Warrick et al., 1991). From this point 
onwards, my thesis will focus on the spinal locomotor CPG networks. 
 
1.1.1 The spinal locomotor CPG network 
 
The spinal locomotor CPG network is embedded in the spinal cord and generates 
locomotion in the absence of sensory inputs. This network contains different neuronal 
types, which are organized so as to produce rhythmic activity. 
 
As early as in 1910, Brown found that in the absence of sensory feedback, spinal 
networks are capable of generating flexor-extensor alternating activity. Later, this 
finding led to the ‘half-center’ hypothesis. This hypothesis postulates that tonic 
descending excitation drives locomotor activity, while the alternation of flexors and 
extensors is based on the reciprocal inhibition between the two half-center networks 
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(Brown, 1914). However, flexor and extensor muscles are not always bursting 
antagonistically and the speed of locomotion also varies. Later, Sten Grillner further 
developed the concept of network function by introducing the ‘Unit Burst Generator’ 
UBG, a modular concept. Synergistic muscles of the same joint share the same UBG, 
which is composed of interconnected premotor interneurons and generates locomotion 
locally without any sensory input. The network in the UBG concept allows the 
motoneuron pools and their innervated muscles to change their relative activity during 
movement in an antagonistic or synergistic manner like walking forward and backward. 
It also provides the basic understanding of the coordination of limb muscles during 
movement (Grillner, 1981; Grillner, 1985).  
 
To study the basic neural structure of the spinal locomotor CPG network, several 
different preparations have been developed. In a few segments of lamprey spinal cord 
(Cohen et al., 1980; Poon, 1980), which precludes any sensory or afferent input, 
locomotor activity can be generated by appropriate pharmacological manipulation or 
electrical stimulation. Activation of the spinal CPG in the in vitro lamprey spinal cord 
generates rhythmic, left-right alternating locomotor activity, which can be recorded 
from the ventral roots as fictive locomotion (Cohen et al., 1980). In the Xenopus 
tadpole (Roberts et al., 1981), periodic swimming is induced by electrical stimulation 
or light dimming and left-right alternating swimming activity can be recorded from the 
motor nerves on both sides of the trunk in the presence of curare. In mammals, the in 
vitro lumbar spinal cord of neonatal rat was first developed to study the monosynaptic 
sensory reflex by stimulating the dorsal roots (Kudo et al., 1987) and was then induced 
to perform locomotor-like activity by the application of 5-HT and NMDA to study the 
spinal CPG network (Cazalets et al., 1992). Use of the in vitro lumbar spinal cord of 
neonatal mouse reveals role of specific neuronal populations in control of rhythm 
generation and left-right alternation through combining molecular and physiological 
approaches (Dougherty et al., 2010; Arber, 2012; Talpalar et al., 2013; Goulding et al., 
2014; Goetz et al., 2015). Later, both larva and adult zebrafish model systems were also 
developed to study the organization and function of locomotor circuits (Masino et al., 
2005; McDearmid et al., 2006; Gabriel et al., 2011; Kyriakatos et al., 2011). 
 
In this thesis, the lamprey and zebrafish spinal locomotor systems are employed to 
answer specific questions. Therefore, I will focus on these two preparations in the 
following part of the introduction. 
 
1.1.2 The lamprey swimming CPG network 
 
Spinal swimming CPG network in fish produce a rhythmic and coordinated left-right 
alternating locomotor pattern, which makes these preparations a mini version of flexor-
extensor pattern in limbed animals (Dale et al., 1997; Grillner, 2006a; Kiehn, 2006). 
There are three big advantages for the utilization of these models:   
1. Highly conserved spinal neuronal network composition with limbed animals; 
2. Intact neural networks with intersegmental coordination in the preparation; 
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3. Excellent accessibility of the preparations for electrophysiology and other 
investigative methods. 
 
 
Figure 1. Schematic of lamprey locomotor network. Schematic representation of brainstem and spinal 
neural circuits that generate rhythmic locomotion. All neuron symbols represent populations rather than 
single cells. RS neurons receive excitatory synaptic inputs from the diencephalic and mesencephalic 
locomotor regions (DLR and MLR). Activation of RS neurons drives spinal interneurons and motoneurons. 
The excitatory interneurons (E) excite all types of spinal neurons — the excitatory interneurons (E), the 
inhibitory commissural glycinergic interneurons (I) and motoneurons (M). Neuromodulators are the integral 
part of the CPG. (Modified from Grillner, 2003) 
 
The lamprey spinal cord preparation offers all of these advantages and each segment of 
the spinal cord has its own CPG circuit (Grillner, 2003). The descending inputs, which 
are initiated from the mesencephalic locomotor region (MLR) or the diencephalic 
locomotor region (DLR) and are relayed in the reticulospinal (RS) neurons (command 
neurons or system) to drive the swimming CPG network that generates locomotor 
activity. The frequency range is similar between the swimming in vivo animals and in 
vitro preparations. The fictive swimming can be induced by brainstem stimulation or 
pharmacological application of glutamate agonists in the isolated spinal cord. 
Experiments have been performed to reveal the neuronal components of the swimming 
CPG. Hemicords, in which the left and right hemi spinal cord are separated from the 
midline, can still generate slow and fast rhythmic activities (Grillner, 2003). The 
machinery of locomotor generation in the hemicord relies mainly on the activation of a 
group of ipsilateral excitatory interneurons (E-INs), which make excitatory synapses 
with other E-INs. They also excite motoneurons and commissural inhibitory 
interneurons, which ensure the left-right alternation. Application of strychnine, a 
glycinergic synaptic transmission blocker, does not change the swimming frequency 
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induced in the hemicords, which suggests that inhibitory synaptic transmission is not 
involved in the generation of locomotor rhythmicity. However, blockage of glycinergic 
synaptic transmission in whole lamprey spinal cord dramatically increases the 
swimming frequency. This effect was associated with a left-right burst synchrony. 
These experiments highlight the role of the inhibitory interneurons (I-INs) in the intact 
spinal CPG network. These interneurons receive excitation from E-INs and project 
contralaterally to provide inhibition to the neurons on the other side of the spinal cord. 
These properties allow I-INs to coordinate the activity between the two hemicords and 
participate in the generation of locomotor pattern (Ohta et al., 1991; Parker et al., 2000).  
 
The foundation of the spinal swimming CPG therefore consists of ipsilateral-projecting 
glutamatergic interneurons and contralateral-projecting glycinergic interneurons. The 
descending input from higher brain areas drive E-INs, I-INs and MNs through 
excitatory synaptic transmission and the swimming CPG transforms the drive into 
swimming activity. Evidence from other preparations (Xenopus tadpole, mouse, 
zebrafish) also suggests that the spinal swimming CPG network is built on the 
combination of glutamatergic and glycinergic interneurons (Dale, 1998; Kiehn et al., 
1998; Stein, 1999; Pearson, 2000; Drapeau et al., 2002). 
 
The understanding of the neural construction in the lamprey swimming CPG network 
enables further studies on ion channels and neuromodulation of swimming activity. KCa 
channels in the lamprey spinal CPG neurons are activated following a transient increase 
of intracellular Ca
2+
 driven by action potentials. This activation induces an after-
hyperpolarization (AHP) after the action potential. Apamine, a partial blocker of KCa 
channels, decreases the AHP and also spike frequency adaption, which potentiates the 
burst duration and depresses swimming frequency (El Manira et al., 1994). Activation 
of G-protein coupled receptors (metabotropic glutamate receptors, 5-HT receptors, 
dopamine receptors and endocannabinoids receptors) by neurotransmitters or 
neuromodulators (glutamate, 5-HT, dopamine and endocannabinoids) significantly 
alters the locomotor frequency through different mechanisms (Wallén et al., 1989; 
Krieger et al., 2000; Hess et al., 2001; Kettunen et al., 2005; Pérez et al., 2013).  
 
1.1.3 Zebrafish as a model to study locomotion 
 
Across all the developmental stages until adulthood, zebrafish are suitable for studying 
the locomotor network. In zebrafish, the transparency of fish body makes them 
advantageous for optical studies of neuronal circuits and behavior. Neuronal activity 
can be imaged or recorded with single-cell resolution in both the brain and the spinal 
cord (McLean et al., 2007; Gabriel et al., 2011; Ahrens et al., 2013; Portugues et al., 
2014).  
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1.1.3.1 Zebrafish as a model system for swimming 
 
At the larval stage, electrical stimulation of the otic vesicle triggers episodic swimming 
at frequencies up to 100 Hz (McLean et al., 2007; Eklöf-Ljunggren et al., 2012). In the 
adult zebrafish, stimulation of descending tracts induces continuous and long-lasting 
swimming bout in the in vitro preparation at frequencies up to 25 Hz (Gabriel et al., 
2011; Kyriakatos et al., 2011; Ampatzis et al., 2013; El Manira, 2014). The descending 
inputs drive the swimming CPG network that generates rhythmic left-right locomotor 
activity in both the larval and adult preparations. Both preparations allow for the 
accessibility to study the electrophysiological properties of network neurons during 
ongoing swimming activity. In larval zebrafish, the myotome contains mainly fast 
muscle fibers (Waterman, 1969; van Raamsdonk et al., 1982; Devoto et al., 1996; 
Stellabotte et al., 2007) and swimming activity consists of a fast ‘beat and glide’ pattern 
(Drapeau et al., 2002; Lewis et al., 2003). However, at the adult stage, the muscle 
fibers are very well segregated into slow, intermediate and fast types and swimming 
switches to a continuous pattern with lower swimming frequency (25 Hz) (Ampatzis et 
al., 2013). The locomotor pattern and frequency range display considerable differences 
between the larval and the adult stages, and these differences are associated with the 
lateral extension of the motor column.  
 
The adult zebrafish spinal cord preparation that have been developed keep the intact 
and functional spinal swimming network and allow accessibility for whole-cell patch 
clamp recordings, detection of the activity of populations of neurons by calcium 
imaging, and detection of activity in populations of neurons by laser ablation and 
optogenetics. Furthermore, they are also amenable to genetic manipulation. By using 
these preparations, we could obtain novel insights into the organization of neural 
circuits and their modulation that mediate the generation of locomotion and the 
selection between motor behaviors 
 
1.1.3.2 Zebrafish as an escape model system 
 
Escape is a defensive response to sudden or threatening stimuli in vertebrates. When 
facing a dangerous situation, fish perform C-shape or S-shape escape behavior to 
relocate or move away from danger or predators. In zebrafish, head stimulation triggers 
C-shape escape, however, tail stimulation induces both C-shape and S-shape escape. It 
is worth noting though, that S-shape escape starts with stimulation-triggered local 
response, and is then followed by C-shape escape behavior (Liu et al., 2012). 
 
In zebrafish, the command system for escape behavior is located in the brainstem, and 
is called the Mauthner series (M-series). The M-series contains three bilateral pairs of 
identified reticulospinal neurons in the mid-dorsal region of the hindbrain segments, 
Mauthner (M) cells (4th segment), MiD cm (5th segment) and MiD3cm (6th segment) 
(Lee et al., 1991). The M-series neurons are considered to be segmental homologs 
(Metcalfe et al., 1986), since all of these neurons have similar morphology, each having 
two major dendrites and an axon that crosses in the midbrain and projects along the 
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contralateral spinal cord. (Liu et al., 1999; Nakayama et al., 2004; Kohashi et al., 
2008). The dendrites of the M-cells receive excitatory inputs from the auditory nerve, 
the posterior lateral line nerve and the optic tectum (Faber et al., 1991). Hence, escape 
can be induced by sound, touch and light. Calcium imaging and patch-clamp recording 
in zebrafish have shown that sensory stimulation, head tap or sound, activates the 
neurons in the M-series, which initiates the fast C-starting escape behavior (O'Malley et 
al., 1996; Nakayama et al., 2004; Kohashi et al., 2008). Even though the M-series acts 
as a functional unit, different sensory stimuli may activate different neurons in the M-
series and induce different types of escape behaviors. Escape initiated by M cell 
activation has faster kinetics than that started by non-M cells (O'Malley et al., 1996; 
Kohashi et al., 2008).  
 
Spikes in the M-cell excite contralateral spinal excitatory interneurons and fast 
motoneurons (Fetcho et al., 1988; Ampatzis et al., 2013), which induce contraction of 
the muscle trunk to perform the C-start bending, while simultaneously inhibiting 
ipsilateral spinal fast motoneurons via a group of identified inhibitory interneurons, the 
commissural local interneurons (CoLo INs) (Fetcho et al., 1988; Liao et al., 2008; 
Satou et al., 2009). Furthermore, escape behavior has been shown to stop on-going 
swimming for a few cycles in freely swimming zebrafish (Svoboda et al., 1996; 
Kyriakatos et al., 2011). This suggests that the zebrafish is a fruitful model to study the 
neural mechanisms underlying behavioral selection between escape and swimming 
activity. 
 
1.2 THE COMPONENTS OF SPINAL LOCOMOTOR NEURAL CIRCUITS 
 
 
 
Figure 2. Schematic cross sections of the developing spinal cord showing the patterning and specification 
of early spinal cord progenitors and their neuronal progeny. Opposing gradients of sonic hedgehog (Shh) 
(ventrally) and bone morphogenetic proteins (BMPs) (dorsally) instruct differentiation of progenitors. DI1-
dI5 neurons derived from dorsal progenitors contribute to sensory spinal pathways, whereas dI6, MN and 
V0–V3 neurons arising from ventral progenitors are involved in the locomotor circuitry. (Modified from 
Goulding, 2009) 
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Neuronal identity in the spinal cord is mainly determined by the interaction of two 
morphogen gradients that allocate dorsoventral position information to divide neural 
progenitors. Sonic hedgehog (Shh) is produced by the notochord and the floor plate and 
controls ventral patterning (Jessell, 2000; Shirasaki et al., 2002), while bone 
morphogenetic proteins (BMPs) are secreted by the epidermis overlying the neural tube 
and roof plate and are responsible for the partitioning of the spinal dorsal zone (Lee et 
al., 1999). The opposing effects of Shh and BMPs restrict the expression of patterning 
factors to spatially limit subsets of spinal progenitors. In the dorsal spinal cord, sensory 
neurons (dI1, dI2, dI3, dI4, and dI5) are generated from six progenitor domains and are 
mostly involved in sensory processing (Goulding et al., 2002). There are six groups of 
spinal CPG interneurons and motoneurons (dl6, V0, V1, V2, MN and V3) that are 
originally derived from six progenitor domains (named pd6, p0, p1, p2, pMN and p3) 
in the spinal ventricular zone (Ericson et al., 1997a; Ericson et al., 1997b).  This thesis 
focuses on the activity pattern and connectivity of the excitatory V2a interneurons and 
motoneurons. 
1.2.1 Excitatory drive within the locomotor network 
 
The foundation of the swimming CPG is built on the combination of glutamatergic and 
glycinergic interneurons. However, spinal excitatory drive in the spinal locomotor 
network mainly relies on the activation of a group of ipsilateral excitatory interneurons 
(E-INs), which make excitatory synapses with other E-INs, motoneurons and 
commissural inhibitory interneurons. The descending inputs from higher brain areas 
drive E-INs, which activate the spinal CPG network to transform the drive into 
locomotor activity in lamprey, Xenopus tadpole, mouse and zebrafish (Dale, 1998; 
Kiehn et al., 1998; Stein, 1999; Pearson, 2000; Drapeau et al., 2002; Grillner, 2006b). 
The genetic identification of ipsilateral excitatory V2a interneurons in mouse and 
zebrafish allows detailed studies of their function in locomotion. 
The morphology of V2a interneurons in both mouse and zebrafish spinal cord is similar 
(ipsilateral projecting) (Al-Mosawie et al., 2007; Lundfald et al., 2007; Kimura et al., 
2008), however, they display different functions in the two locomotor systems.  
In the zebrafish, selective laser ablation of V2a interneurons (̴ 30% of V2a interneurons 
in each of 10 segments) strongly affects the generation of the swimming activity, 
indicating that they are the main source of excitatory drive underlying the locomotor 
rhythm. Moreover, optogenetic activation of V2a interneurons shows that V2a 
interneurons are interconnected and form an excitatory network, which produces 
sufficient input to drive rhythmic swimming activity (Eklöf-Ljunggren et al., 2012). 
These studies reveal that V2a interneurons are a vital component of spinal CPG 
network and are necessary and sufficient in themselves for generating the locomotor 
rhythm.  
In larval zebrafish spinal cord, ventral V2a interneurons are recruited at slow 
swimming speed, while dorsal V2a interneurons are engaged at faster speeds (McLean 
et al., 2007). Moreover, the recruitment of the V2a interneurons in larval zebrafish is 
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dependent on their input resistance. By contrast, in adult zebrafish, the topographic 
organization of V2a interneurons is blurred. These interneurons are recruited in a 
incremental manner during the increase in swimming frequency. Their order of 
recruitment is determined by the scaling of their synaptic drive by the input resistance 
(Ausborn et al., 2012).  
In the mouse, most of the V2a interneurons are rhythmically active and display 
membrane potential oscillations related to either flexor or extensor activity in the spinal 
segments. The firing patterns of V2a interneurons are heterogeneous and are not always 
correlated to rhythmicity of the network (Dougherty et al., 2010). Selective ablation of 
V2a interneurons with diphtheria toxin A disrupts the left-right alternation at 
intermediate locomotor frequencies, but does not affect the flexor-extensor alternation 
and locomotor frequency (Crone et al., 2008; Crone et al., 2009). This suggests that 
V2a interneurons are not rhythm generating neurons. Instead Shox2 interneurons, 
which partially overlap with V2a interneurons, have been shown to participate in 
generating the rhythmicity (Dougherty et al., 2013). 
 
Figure 3. Schematic cross section of adult zebrafish showing the distribution of muscles, motoneurons 
and V2a interneurons. The axial muscles are very well segregated into slow, intermediate and fast types, 
which are innervated by topographically organized slow, intermediate and fast motoneurons respectively. 
Contrast to motoneurons, V2a interneurons are not topographically organized. 
 
1.2.2 Motoneurons – size principle and final common pathway 
 
Spinal motoneurons are derived from the pMN progenitor domain of the spinal 
ventricular zone. During development, each motoneuron sends its axons to innervate a 
target group of muscle fibers, hence the concept of motor unit. A motor unit has two 
components: the motoneuron and its innervated muscle fibers. The axon terminals of 
the motoneuron communicate to the muscle fibers at the neuromuscular junctions.  
Final common pathway: The motoneurons in the spinal cord serve as a final common 
pathway that receive, integrate and transmit the neural information from the CPG 
network or the sensory inputs. The final common pathway theory indicates that the 
motoneurons in the spinal cord receive, integrate and transmit the commands from the 
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upper network (Liddell et al., 1925; Sherrington, 1925; Heckman et al., 2012). The 
only established way for motoneurons to communicate with the premotor network is 
through the recurrent inhibition via the Renshaw cells, which are thought not to be 
involved in the rhythm generation (McCrea et al., 1980; Zhang et al., 2014).   
Size principle: Three types of motor units are identified according to their intrinsic 
properties: slow (type S), fast fatigue resistant (type FR), and fast fatigable (type FF) 
(Burke et al., 1974). The recruitment of motor units is believed to follow the size 
principle (Harris et al., 1977; Powers et al., 1996). Henneman compared the 
recruitment order of motoneurons by stretching the triceps muscle in decerebrate cat to 
the amplitude of their impulses. He suggested that the smallest motoneurons had the 
lowest thresholds for stretch and fired first, while larger motor neurons had higher 
thresholds and fired last. The size principle can also be interpreted as the input 
resistance being the main factor determining the recruitment order of motoneurons 
(Henneman, 1957; Kiehn, 2006; Goulding, 2009). However the size principle is limited 
to the timing of recruitment of motor units and cannot easily explain the recruitment of 
the motor units in synergistic muscles (Koehler et al., 1984). Furthermore, there is also 
an assumption in the size principle that all the motoneurons receive equal synaptic 
inputs simultaneously, which may not necessarily the case.  
 
In the larval zebrafish, all motoneurons are uniform and participate in the swimming 
activity by following the size principle (McLean et al., 2007). However, accompanying 
the development of the muscle types, the motoneurons in the adult zebrafish spinal cord 
become topographically organized into slow, intermediate and fast groups. During 
swimming with increasing speed, the order of motoneuron recruitment is from slow to 
intermediate and fast. Voltage-clamp experiments have shown that slow, intermediate 
and fast motoneuron pools receive different excitatory and inhibitory synaptic currents 
during locomotion. The recruitment order of the different motoneuron pools is not 
correlated with their input resistance and hence does not follow the size principle 
(Gabriel et al., 2011; Ampatzis et al., 2013). This makes the adult zebrafish an 
attractive model for reconsidering the size principle and finds out more about how the 
CPG network is organized to drive the motoneurons during swimming activity.  
 
1.3  NEURAL MECHANISMS OF BEHAVIOR SELECTION 
 
In face of changing situations in the environment, animals usually make the appropriate 
necessary behavioral selection. Sensory cues coming from auditory, visual and 
olfactory stimulation are integrated in the related area of nervous system, which gates 
behavior selection by immediately stopping one or more ongoing behaviors and 
simultaneously initiating the desired behavior (Romo et al., 2003; Preuss et al., 2006; 
Palmer et al., 2011). Initiation of behaviors requires the activation of their command 
neurons (several neurons) or command system (a small neural network) (Kristan, 2008) 
by sensory inputs, to drive the CPG networks underlying these behaviors. To 
understand the neural mechanisms responsible for behavioral selection, several 
invertebrate and vertebrate preparations have been developed to investigate certain 
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behavioral selections. The neural mechanisms underlying behavioral choice is a 
sensory-gated process, during which the nervous system is biased to one behavior by 
activating its command neurons or command system, and meanwhile counteracts the 
other behaviors by inhibiting their command neurons or command systems. Even 
though the neural circuits underlying behavioral choice vary, they do share similar 
mechanisms. Below are some of the important mechanisms responsible for behavioral 
selection. 
 
Presynaptic inhibition: Presynaptic inhibition refers to an inhibitory control of 
synaptic efficacy at the axon terminal, arising from descending inputs, or interneurons 
or sensory afferents that is found in both invertebrate and vertebrate (Eccles, 1964; Fu 
et al., 1978; El Manira et al., 1994). In the leech, feeding is the top priority behavior 
that completely overrides the locomotor activities (swimming or crawling) via 
presynaptic inhibition. Locomotion is controlled by activation of mechanosensory 
neurons (P cells) which excite anterior pagoda (AP) neurons and start the locomotor 
central pattern generator. Feeding behavior in leech increases the firing rates of 
serotonergic neurons in the cephalic ganglion that in turn produces presynaptic 
inhibition at the synapse between P-AP neurons. This leads to silencing of the 
locomotor CPG and prevents any locomotor activities (Gaudry et al., 2009).  
 
Competition between circuits: Behavioral selection may involve competition between 
two local circuits, which share the same elementary neurons. In the sea slug, rhythmic 
feeding is generated by a CPG network, within which interaction between excitatory I2 
neurons and inhibitory I1 neurons generates the rhythmic feeding activity. Once 
swimming is generated in the sea slug, the CPG neurons excite A-ci1 neurons, which 
constantly inhibit I1 interneurons in the feeding CPG network and terminate the feeding 
activity (Jing et al., 1995). The fact that swimming overrides feeding appears to be a 
behavioral selection mediated by the interaction between two CPG networks which 
allows the sea slug to escape away from danger during feeding.  
 
Neuromodulator-mediated behavioral selection: Neuromodulators acting on their 
receptors are known to influence the properties of single neurons, synapses, or local 
circuits to eventually affect the behavior output (Bargmann et al., 2013). Roaming and 
dwelling behaviors in C. elegans are mediated by distinct neural circuits – PDFR-1 
neural circuits and serotonergic neural circuits, respectively. Serotonin released from 
serotonergic neurons promotes dwelling behavior while the neuropeptide pigment-
dispersing factor (PDF) produced in the PDFR1-expressing neurons enhances roaming 
behavior. Increasing serotonin release changes ongoing roaming behavior to dwelling 
behavior, while enhancing PDF production switches dwelling behavior to roaming 
behavior (Flavell et al., 2013). 
 
Behavioral selection gated by sensory neurons: Activating the decision-maker 
neurons can bias the decisions that animal makes (Brozović et al., 2007; Cohen et al., 
2008; Kristan, 2008). In an experiment on monkey, a micro-stimulor was placed in the 
receptive field of the column of recorded sensory neurons of the temporal visual area. 
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The monkey’s preference as to whether motion of the visual stimulus was in the 
preferred or null direction was recorded in the column under study. Micro-stimulation 
of one or a few middle temporal columns of visual cortical area, given while the 
monkey viewed a random dot stimulus, could strongly bias the monkey’s perceptual 
judgments toward the direction preferred by the stimulated column (Nienborg et al., 
2012). These studies demonstrate that sensory neurons can act as decision makers and 
gate the behavioral choice.  
 
1.4 ENDOCANNABINOID NEUROMODULATION 
 
In the nervous system, endocannabinoids are released from postsynaptic neurons and 
act on presynaptic cannabinoid receptors 1 (CB1 receptors) to mediate synaptic 
transmission as a retrograde messenger (Kano et al., 2009; Castillo et al., 2012; 
Tanimura et al., 2012; Younts et al., 2014). CB1 receptors, G-protein coupled 
receptors, are the most abundant cannabinoid receptors and are expressed mostly at the 
presynaptic terminals (Katona et al., 2006; Gregg et al., 2012), which further support 
their reported retrograde effects on synaptic transmission. Activation of CB1 receptors 
depresses synaptic transmission, which involve distinct mechanisms either by 
modulating the activity of voltage-gated Ca
2+
 channels (VGCCs) (Kreitzer et al., 2001; 
Wilson et al., 2001) and K
+
 channels (Daniel et al., 2001; Nazzaro et al., 2012) or by 
affecting protein synthesis (Alger, 2009; Heifets et al., 2009; Tsetsenis et al., 2011). 
 
1.4.1 Endocannabinoid-mediated synaptic plasticity in the spinal 
network 
 
Synaptic plasticity mediated by endocannabinoids has been studied mainly in acute 
brain slices. While the synaptic connections in slices are still intact, it is not always 
possible to evaluate their effects on the entire neural circuit. Lamprey spinal cord 
preparations with an intact CPG network and inducible locomotor activity provide the 
possibility to study the endocannabinoid modulation on a functional neural network.  
 
Previously, we showed that endocannabinoids embedded in the spinal network set the 
baseline of the locomotor frequency (Kettunen et al., 2005). Activation of cannabinoid 
receptors 1 (CB1 receptors) increases excitatory synaptic transmission in the network 
neurons, but decreases inhibitory synaptic transmission, which overall increases the 
network excitability and potentiates locomotor activity (Kyriakatos et al., 2007). 
Similar to endocannabinoids, NO is released in the lamprey spinal locomotor network 
and participates in setting the frequency of locomotor activity by modulating synaptic 
transmission (Kyriakatos et al., 2007; Kyriakatos et al., 2009). Inhibition of nitric oxide 
synthesis or scavenging of NO in the lamprey spinal network impairs endocannabinoid-
induced potentiation of locomotor activity. This indicates that there is an intrinsic 
interaction of endocannabinoids and NO in spinal locomotor network which by an 
unknown mechanism modulate the synaptic plasticity. 
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1.4.2 Endocannabinoid 2-AG synthesis and degradation 
 
The two main endocannabinoids in the nervous system are anandamide (AEA) and 2-
arachidonoylglycerol (2-AG). The former was discovered first and acts as a partial 
agonist on CB1 receptors (Sugiura et al., 2002). On the other hand, 2-AG is the more 
common endocannabinoid in the nervous system and its level in the nervous system is 
in the order of nanomoles per gram, which is much higher than that of anandamide 
(Sugiura et al., 2006). 2-AG is a full agonist of both CB1 and CB2 receptors with a 
higher affinity for both receptors than anandamide (Sugiura et al., 2006).  
 
The main pathway of biosynthesis of 2-AG is via two enzymes: phospholipase Cβ 
(PLCβ) and diacylglycerol lipase (DGL). Presynaptic glutamate release acts on 
postsynaptic metabotropic glutamate receptors 1 (mGluR1) (Maejima et al., 2001; El 
Manira et al., 2010) to activate phospholipase enzyme PLCβ, which hydrolyzes 
phosphatidylinositol into diacylglycerol (DAG) (Hashimotodani et al., 2007). 
Meanwhile, depolarization of postsynaptic neurons triggers a Ca
2+
 influx, which 
activates the enzyme DGLα to catalyze DAG into 2-AG (Tanimura et al., 2010; 
Yoshino et al., 2011). It is worth noting that mGluR activation by an agonist, DHPG, is 
sufficient to trigger 2-AG-mediated short- or long-term synaptic plasticity, even if Ca
2+
 
is chelated in the postsynaptic neurons (Marsicano et al., 2002; Chevaleyre et al., 2003; 
Galante et al., 2004; Jung et al., 2005; Heifets et al., 2009). Even though Ca
2+
-influx or 
activation of G protein-coupled receptors (GPCRs) can trigger 2-AG synthesis 
independently, they work in a synergistic way most of the time (Brenowitz et al., 2005; 
Hashimotodani et al., 2005; Kreitzer et al., 2005; Edwards et al., 2008; Heifets et al., 
2009). The degradation of the endocannabinoid 2-AG mainly involves the enzyme, 
monoacylglycerol lipase (MGL) (Dinh et al., 2002; Gulyas et al., 2004; Blankman et 
al., 2007). 
 
 
 
Figure 4. The synthesis and degradation pathway of endocannabinoid 2-AG. 
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1.5 THE ELECTRICAL SYNAPSE – HISTORY AND FUNCTION 
 
Over a century ago, the British neurophysiologist Charles Sherrington introduced the 
word ‘synapse’ to describe the connection zone between neurons. For a long time after, 
all synapses were considered to operate in a manner of electrical transmission. 
However, in 1921 the German pharmacologist Otto Loewi discovered that the signaling 
from the vagus nerve to the heart muscle in frog is transduced by the chemical 
compound acetylcholine (ACh). For this finding he was rewarded the Nobel Prize in 
Physiology or Medicine in 1936. However, more importantly, it also triggered a long 
lasting debate on the role of electrical vs chemical synaptic transmission in the nervous 
system for decades. After improvements of electrophysiology techniques and 
ultrastructural methods in 1950s and 1960s, the presence of both electrical and 
chemical synapses was confirmed in the nervous system.  
 
1.5.1 The electrical synapse in the nervous system 
 
The term ‘gap junction’ derives from a structural characteristic view of the electrical 
synapse and refers to the gap junction channels connecting two neurons at an electrical 
synapse. The synaptic cleft of an electrical synapse is about 4 nm (chemical synapse: 
20 nm) and is bridged by gap junction channels. A single gap junction channel is 
composed of two hemi-channels, which are termed ‘connexon’ and located separately 
in the pre- and the postsynaptic cell membranes separately. The pore of the gap-
junction channel has a large diameter (~1.2 nm), which allows inorganic ions, small 
organic molecules and fluorescence makers to flow between the two cells. Each hemi-
channel consists of six identical subunits, named connexins. Connexin proteins (Cx) are 
encoded by a gene family with more than 20 members in mammals (Willecke et al., 
2002). Cx36 (homolog to fish Cx35) is considered to be the prevalent connexin in the 
mammalian nervous system (Condorelli et al., 2000; Pereda, 2014). Although 
connexins have highly conserved sequences, gap junction channels with different 
connexin assemblies show different properties with respect to channel conductance, 
and permeability (Bennett et al., 2004) Generally, most electrical synapses are 
bidirectional with similar permeability to ions in either direction. The rectifying 
synapse (for example the crayfish giant motor synapse) is a special case with different 
combinations of connexins into connexons locating at the pre- and postsynaptic 
neuronal membrane. Voltage-dependent gap junction channels only allow the 
depolarizing current to transmit unidirectionally (Bennett, 1997). 
 
1.5.2 The function of gap junctions in the nervous system  
 
Compared to the chemical synapse, the electrical synapse (gap junction) provides the 
neuronal interconnections with faster speed, simpler transmission and bidirectional 
reciprocity (Bennett, 1997; Pereda, 2014). One prominent function of gap junctions in 
the nervous system is to synchronize the activity of a group of neurons. Interneurons in 
hippocampus, thalamus, neocortex, cerebellum, striatum, brainstem or olfactory bulb 
are electrically coupled. This synchronizes their activity and output to generate global 
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effects (Mann-Metzer et al., 1999; Rekling et al., 2000; Galarreta et al., 2001; Connors 
et al., 2004; Yaksi et al., 2010). In the spinal locomotor network, motoneurons 
innervating the same muscles are electrically coupled well with each other to 
synchronize their output (Tresch et al., 2000; Zhang et al., 2009). Blockage of all 
chemical synaptic transmission with TTX, the rhythmic activity is still produced by 
NMDA through gap junctions in neonatal rat spinal cord (Tresch et al., 2000). During 
development of the spinal network, gap junctions have been found to play important 
roles in regulating the formation of the spinal neural circuits (Saint-Amant et al., 2000; 
Kiehn et al., 2002). Although gap junction expression declines during development, in 
adult vertebrate spinal cord, the gap junction protein Cx36 is widely expressed in both 
interneurons and motoneurons (Rash et al., 1996; Chang et al., 1999; Parenti et al., 
2000), however its function is unknown. 
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2 SPECIFIC AIMS 
 
The overall aim of this thesis was to explore the neural mechanisms controlling the 
generation and selection of motor behaviors. These mechanisms involve both hard-
wired neural circuits with specific neuronal connectivity and endocannabinoid 
neuromodulation at the cellular level. This thesis is divided into four projects with the 
following aims: 
 
1. To characterize the identity of the endocannabinoids in the spinal locomotor 
network and how it interacts with NO to modulate the locomotor activity. 
 
2. To investigate the neural circuits encoding the behavior selection between 
escape and swimming and the role of the endocannabinoids in promoting this 
behavioral selection.  
 
3. To map the specific connectivity pattern between V2a interneurons and 
motoneurons to reveal how the spinal network conveys excitation to 
motoneurons. 
 
4. To examine how electrical coupling enables motoneurons to control the activity 
of premotor V2a interneurons and the locomotor rhythm generation in the 
spinal network. 
 
   17 
3 METHODS 
 
3.1 LAMPREY 
 
The experiments were performed on in vitro preparations of the isolated spinal cord 
from adult lampreys (Lampetra fluviatilis) of both genders. The details of the 
preparation are described in paper I. 
 
Fictive swimming activity was induced by application of NMDA. Locomotor burst 
activity was recorded by glass suction electrodes placed on ventral roots. Intracellular 
recordings were made from spinal neurons with 3 M potassium acetate-filled thin-
walled glass microelectrodes. The concurrent recordings of the locomotor frequency 
and of the activity of MNs allowed us to correlate changes in the synaptic amplitude to 
changes in locomotor frequency.  
 
To examine the modulation on ipsilateral excitatory or inhibitory synaptic transmission, 
the recording chamber was divided into two pools by an agar barrier. Locomotor 
activity was induced in the rostral pool by application of NMDA while the spinal cord 
in the caudal pool was perfused with strychnine to block inhibitory synaptic 
transmission, or with kynurenic acid to block ionotropic glutamate receptors. The peak-
to-trough amplitude of the locomotor-related synaptic input was measured and 
monitored under control conditions and in the presence of different pharmacological 
agents. 
 
3.2 ZEBRAFISH 
 
3.2.1 Animals 
 
Zebrafish (Danio rerio) were raised and kept in a core facility at the Karolinska 
Institute according to established procedures. To enable selective target of V2a 
interneurons, we used a zebrafish line (Chx10:GFP) in which the expression of GFP 
was driven in V2a interneurons by the premotor of transcription factor Alx (homolog of 
the mammalian Chx10).  
 
3.2.2 Zebrafish in vitro preparation  
 
The adult zebrafish were anesthetized in a slush of frozen extracellular solution and 
eviscerated. Afterwards the brain was exposed and the cerebellum was gently removed 
to allow the stimulation electrode to have access to the Mauthner system. The epaxial 
musculature was carefully removed up to the caudal end of the dorsal fin, leaving the 
musculature at the tail area intact. Then the bones were removed four to five segments 
rostral to the dorsal fin to allow access with intracellular recording electrodes. For in 
vitro escape and swimming experiments, preparations were fixed dorsal side up with 
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Vaseline. For whole-cell patch clamp recordings, preparations were transferred to a 
recording chamber, placed lateral side up and fixed with Vaseline.  
 
3.2.3 Optogenetics 
 
To be able to express halorhodopsin in motoneurons specifically, we employed the 
Gal4/UAS system. This system consists of two components: the driver line, which has 
the Gal4 gene under a tissue-specific promotor, and the reporter line with an upstream 
activation sequence (UAS). When the two lines are crossed, Gal4 binds to UAS, which 
activates transcription of the reporter gene in a tissue specific manner. 
 
We used a zebrafish line Gal4
s1020t
 (Et(-0.6hsp70l:Gal4-VP16)s1020t), in which Gal4-
VP16 was expressed mainly in motoneurons (Wyart et al., 2009). Crossing the 
Gal4
s1020t
 line with the Tg(UAS:NpHR-mCherry) line yielded zebrafish expressing of 
NpHR-mCherry in motoneurons. By crossing these zebrafish with another zebrafish 
line Tg(Chx:GFP), expressing of GFP in the V2a interneurons, we finally obtained 
zebrafish simultaneously expressing NpHR-mCherry in motoneurons and GFP in V2a 
interneurons. 
 
Motoneurons were inhibited optogenetically by using a light stimulation (yellow light: 
586 nm), which was generated by a custom made LED system.  
 
3.2.4 Retrograde labeling of motoneurons 
 
Retrograde labeling of descending brainstem neurons and motoneurons was performed 
using the fluorescent tracer Rhodamine-dextran or neurobiotin. The animals were 
anaesthetized and the retrograde tracer was then injected into either the spinal cord or 
muscle fibers in order to labeled descending brainstem neurons or motoneurons, 
respectively. Afterwards the animals were kept overnight to allow for retrograde 
transport of the tracer. For whole-mount imaging of the brain, a laser scanning confocal 
microscope was used. 
 
3.2.5 Electrophysiology  
 
Extracellular recordings were performed from the motor nerves. Two stimulation 
electrodes were used; one was placed on the dorsal part of the rostral spinal cord to 
elicit swimming and the other over the Mauthner cell region in the hindbrain to elicit 
escape. In some experiments, the application of drugs that interfere with 
endocannabinoid signaling, or a high divalent cation solution was restricted only to the 
spinal cord to avoid affecting escape command neurons in the brainstem. For this we 
used a split-bath recording chamber that was divided into two pools separated by a tight 
Vaseline- or low-melting agar (0.1%) barrier. The rostral pool contained the brainstem 
and rostral spinal cord and was always perfused with normal saline. The caudal pool 
contained the caudal spinal cord where motoneurons and peripheral nerves were 
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recorded, and was perfused with blockers of endocannabinoid signaling or with a high 
divalent cation solution.  
 
Whole-cell recordings were performed from spinal V2a interneurons and motoneurons. 
Motoneurons were always recorded from the contralateral side of the stimulated 
Mauthner cell area. Subthreshold monosynaptic excitatory (EPSPs) and polysynaptic 
inhibitory (IPSPs) potentials as well as excitatory currents (EPSCs) were induced by 
stimulation of the Mauthner cell area in the brainstem. Different drugs were applied to 
the physiological solution to examine the effect of endocannabinoids or excitatory 
synaptic transmission. 
 
3.2.6 Immunohistochemistry 
 
Zebrafish were fixed in 4% PFA, washed in PBS solution with 1% Triton X-100, and 
blocked in 0.15% normal horse serum with 5% bovine serum albumin (BSA) and 1% 
Triton X-100 in PBS before incubation with the primary antibody overnight at 4°C. 
After rinsing in PBS, the preparations were incubated with a secondary antibody 
overnight at 4°C. Whole-mount imaging of the spinal cords was carried out in a laser 
scanning confocal microscope. 
 
3.2.7 In vivo behavioral analysis. 
 
A final volume of 2 µL was intraperitoneally injected in anaesthetized zebrafish to 
achieve a concentration of 1mg/kg for AM-251 and 4mg/kg for JZL184. The animals 
were moved back to the tank to recover from anaesthesia and experiments were 
performed 2-3 hours after the injection. For sound-induced escape, a sound generator 
and a high-speed camera were used to induce and record escape behaviors.  
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4 RESULTS AND DISCUSSION 
 
In this thesis, four projects were performed to study the neural mechanisms underlying 
the generation and selection of motor behaviors in the spinal locomotor network.  
 
4.1 NITRIC OXIDE GATES THE POLARITY OF ENDOCANNABINOID-
MEDIATED SYNAPTIC PLASTICITY IN THE SPINAL LOCOMOTOR 
NETWORK 
 
4.1.1 The identity of the endocannabinoids in the spinal locomotor 
network 
 
Endocannabinoids are released within the lamprey spinal cord and participate in setting 
the baseline of the locomotor frequency (Kettunen et al., 2005). However, the identity 
of these endocannabinoids has remained unknown. To determine the identity of the 
endocannabinoids in the spinal cord, the endocannabinoid 2-AG was applied to the 
lamprey spinal cord preparation. Application of 2-AG induced a long-term potentiation 
of the locomotor frequency by elevating the excitability of the entire network. This was 
achieved by increasing excitatory synaptic transmission and decreasing inhibitory 
synaptic transmission. To further confirm that 2-AG was the endocannabinoid released 
in the spinal locomotor network, specific inhibitors of 2-AG synthesis and degradation 
were added to the perfusion solution. Blockage of the 2-AG synthesis by 
tetrahydrolipstatin (THL) depressed the locomotor frequency by decreasing excitatory 
synaptic transmission and increasing inhibitory synaptic transmission. By contrast, 
inhibition of 2-AG degradation with JZL184 induced a long-lasting increase of the 
locomotor frequency by potentiating excitatory synaptic transmission and depressing 
inhibitory synaptic transmission. These results suggest that 2-AG is continuously 
synthesized and released during locomotion to maintain the excitability of the 
locomotor network.  
 
There are two endocannabinoids in the nervous system, anandamide and 2-AG. We 
previously showed that the release of endocannabinoids requires activation of mGluR1 
(Kyriakatos et al., 2007; El Manira et al., 2010), which activates phospholipase enzyme 
PLCβ to hydrolyze phosphatidylinositol into DAG. The enzyme, DGL, hydrolyzes 
DAG into 2-AG. Disrrupting the synthesis and degradation of the endocannabinoid 2-
AG significantly affects the locomotor frequency, which is consistent with the 
modulatory effect of endocannabinoids on locomotion. These results suggest that 2-AG 
is the endogenous endocannabinoid acting as retrograde messenger to modulate the 
synaptic transmission in the spinal locomotor network.  
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4.1.2 The interaction between endocannabinoid and NO mediates 
synaptic plasticity 
 
 
 
 
Figure 5. Nitric oxide contributes to the potentiation of the locomotor burst frequency by the 
endocannabinoid 2-AG. (A) Locomotor rhythm was induced by NMDA in the presence of the NO 
scavenger carboxy-PTIO and was recorded in opposing ventral roots. Intracellular recording from a MN 
that received on-cycle excitation in phase with the ipsilateral ventral root (vr-i) activity that alternated with 
midcycle inhibition occurring in phase with the contralateral ventral root (vr-c) burst. (B) Application of 2-
AG in the presence of carboxy-PTIO was still able to increase the burst frequency that was associated 
with a decrease in the oscillation amplitude. (C) Averaged synaptic inputs received by the MN showing a 
decrease in the amplitude of the oscillation by 2-AG. (D) Averaged data from all the experiments showing 
the time course of the effect of 2-AG on synaptic transmission and the locomotor burst frequency in the 
presence of carboxy-PTIO. The decrease of the oscillation amplitude was more pronounced (red), while 
the potentiation of the locomotor burst frequency was attenuated (blue) in preparations preincubated with 
carboxy-PTIO compared with controls (gray). (From Paper I) 
 
Previously, we showed that there is an interaction between endocannabinoids and NO, 
which mediates the synaptic plasticity induced by the mGluR1 activation (Kyriakatos et 
al., 2007). Later we examined how NO interacts with the endocannabinoid 2-AG to 
modulate synaptic transmission in the spinal network. We found that the depression of 
inhibitory synaptic transmission induced by 2-AG does not require NO. However, the 
potentiation of excitatory synaptic transmission was NO dependent. These results 
suggest that NO is necessary for the potentiation of excitatory synaptic transmission by 
2-AG. There is an interaction between 2-AG and NO that results in a more pronounced 
shift in the balance between excitation and inhibition within the locomotor circuit. This 
is further supported by the effect of scavenging NO on the potentiation of the 
locomotor frequency by 2-AG. Indeed, the NO scavenger carboxy-PTIO attenuated the 
2-AG-induced potentiation of locomotor burst frequency. This suggests that an 
interplay between 2-AG and NO produces a more pronounced shift in the excitability 
of the spinal locomotor network and potentiates the locomotor frequency. 
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It was shown previously that inhibition of Nitric oxide synthase (NOS) decreases the 
locomotor frequency in the lamprey spinal cord (Kyriakatos et al., 2009) and blocks 
the endocannabinoid-dependent potentiation of the locomotor frequency induced by 
mGluR1 activation. Now we showed that NO interacts with endocannabinoids to 
potentiate excitatory synaptic transmission. NO seems to act as a metamodulator to 
determine the polarity of the endocannabinoid-mediated excitatory synaptic 
transmission. The balance between excitatory and inhibitory synaptic transmission in 
the spinal locomotor CPG determines the speed and force of the locomotor output. 
The gating of the polarity of endocannabinoid-mediated synaptic plasticity by NO 
represents a novel mechanism by which the excitability balance is precisely defined 
within the locomotor CPG network and allows a more flexible execution of motor 
behavior.  
4.2 NEURAL MECHANISMS OF BEHAVIORAL SELECTION BETWEEN 
ESCAPE AND SWIMMING 
 
4.2.1 A hard-wired circuit mediates the switch between swimming and 
escape 
 
 
 
Figure 6. Experimental setup for electrophysiological studies. (A-B) Schematic drawing (A) and retrograde 
staining of mauther cells. (B) in adult zebrafish brain stem and spinal cord showing the stimulating (escape 
and swimming) and recording sites. (C) Characterization of the escape behavior. (D) Swimming activity 
extracellularly recorded from the motor nerve and a single whole-cell recorded neuron rhythmically firing at 
most cycles of swimming bouts. (Modified from Paper II) 
 
A behavioral choice hierarchy favors vital motor actions and overrides competing ones 
through a context-dependent integration of sensory inputs. In freely swimming 
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zebrafish, escape overrides on-going swimming activity (Kyriakatos et al., 2011). To 
investigate the neural underpinnings of this interaction, we developed an in vitro 
zebrafish brain stem-spinal cord preparation in which induced escape suppresses on-
going swimming for a few cycles. We found that the behavioral selection between 
escape and swimming is mediated by switching between fast and slow motoneuron 
pools. The fast motoneuron pool underlying escape is engaged via direct excitation 
from the Mauthner system, while the slow motoneuron pool underlying swimming is 
disengaged via indirect inhibition that decouples these motoneurons from the premotor 
swim circuit. After escape, the swimming bursts always resumed without any resetting 
of the phase. This is further supported by the analysis of the synaptic currents received 
by slow motoneurons. The excitatory currents underlying the rhythmic depolarization 
of slow motoneurons were not affected by escape, which suggests the premotor CPG 
circuits are not inhibited by escape commands. These data suggest that the selection of 
escape over swimming is initiated by descending commands and executed by a local 
hardwired circuit in the spinal cord that disengages slow motoneurons while engaging 
fast motoneurons. 
 
 
Figure 7. Escape suppresses swimming by inhibiting slow motoneurons. (A) Swimming activity recorded 
in a slow motoneuron in current-clamp. Escape (red arrow) produced a transient suppression of 
swimming-related membrane potential depolarization in the slow motoneurons. (B) The swimming-related 
rhythmic excitatory currents were not suppressed by escape and continue to occur (asterisk). The voltage-
clamp recording is from the same neuron as in (A) with holding the membrane potential at -65 mV. (C) 
Escape induced a strong and long-lasting inhibitory current in the same motoneurons as in (A-B). The 
holding potential of the motoneuron was at 0 mV. (Modified from Paper II) 
 
Although escape has the primacy over swimming in zebrafish, the transition from 
escape to swimming needs to occur in a smooth manner to continue the motion of the 
animal. Escape transiently stops the swimming motor output, which always resumes 
with the original frequency without disruption of the phase. The transient interruption 
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of swimming and its immediate recovery to the original frequency are achieved by 
directly disengaging slow motoneurons without influencing the activity of the premotor 
swim circuit, which continues to generate the swimming rhythm. In this manner, the 
basic rhythm is still generated by premotor swimming CPG circuits, but is no longer 
conveyed to the muscles, and hence no swimming activity is recorded. Our results 
reveal a novel mechanism for behavioral selection acting as a clutch-like to switch 
between slow and fast motoneuron pools without interfering with the premotor swim 
circuit. 
 
4.2.2 Tonic endocannabinoid release promotes behavioral selection 
between escape and swimming 
 
To examine if endocannabinoids modulate the behavioral selection between escape and 
swimming, we disrupted with endocannabinoid signaling. Blocking CB1 receptors with 
AM-251 decreased the duration of the inhibition in slow motoneurons and also 
shortened the associated pause of swimming activity. Furthermore, polysynaptic IPSP 
amplitude in slow motoneurons was depressed with AM-251. Inhibiting 2-AG 
synthesis with THL also decreased the duration of swimming inhibition in slow 
motoneurons by inhibiting polysynaptic IPSPs in slow motoneurons. Conversely, 
blocking the 2-AG degradation with JZL184 increased the suppression of swimming by 
potentiating the inhibitory synaptic transmission in slow motoneurons. Furthermore, 
endocannabinoids regulated the threshold of firing of fast motoneurons by enhancing 
both electrical and chemical excitatory synaptic transmission induced by escape 
command. These results show that the hardwired circuit is supplemented by an 
embedded endocannabinoid modulation that defines the extent of swimming 
suppression and modulates the threshold of initiation in escape. The change in the 
duration of the swimming pause was similar whether AM-251, THL or JZL184 were 
applied to the whole brainstem-spinal cord preparation or only to the caudal spinal 
cord, suggesting that the endocannabinoid modulation occurs in the spinal cord, not in 
the brain stem.  
 
The release of endocannabinoids in the CNS requires increased intracellular Ca
2+
 levels 
(Alger, 2002; El Manira et al., 2008; Alger, 2009; Kano et al., 2009; El Manira et al., 
2010; Cachope et al., 2012; Castillo et al., 2012; Ohno-Shosaku et al., 2014; Younts et 
al., 2014). Dialyzing a given fast motoneuron with either THL or BAPTA prevented 
the tonic endocannabinoid modulation of the direct excitation, indicating that the 
released 2-AG originates entirely within the same motoneuron. This also shows that 
there is no spread of the endocannabinoid 2-AG from neighboring motoneurons. 
However, applying the same treatment to slow motoneurons did not alter the effect of 
endocannabinoids on indirect inhibitory synaptic transmission in these motoneurons. 
These results suggest that there is a tonic synthesis and release of the endocannabinoid 
2-AG from fast motoneurons which acts as a positive feedback mechanism to 
potentiate the monosynaptic EPSPs and hence lower the threshold for escape initiation. 
The modulation site for IPSPs in slow motoneurons could reflect increased excitatory 
synaptic transmission to the intercalated inhibitory interneurons, which could be the 
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source of the tonic release of 2-AG. Our results also suggest that there is a limited 
spread of endocannabinoids between different neurons within the spinal cord, which 
makes it unlikely that slow motoneurons are affected by endocannabinoids from fast 
motoneurons. This is in agreement with results in the hippocampus where the spread of 
endocannabinoids has been estimated to be limited to the width of the extracellular 
space (<15 µm; (Alger, 2012)). 
 
4.3 MODULAR ORGANIZATION OF THE SPINAL LOCOMOTOR CPG 
 
4.3.1 Selective connectivity pattern between V2a interneurons and 
motoneurons 
 
An important source of excitation within the locomotor network is V2a interneurons 
(Eklöf-Ljunggren et al., 2012). These interneurons in the adult zebrafish spinal cord are 
recruited in an incremental manner following an increase in swimming frequency 
(Ausborn et al., 2012). Similar to the motoneurons, a Gaussian mixture model analysis 
of their minimum recruitment frequencies indicates that there are three main clusters of 
V2a interneurons. Both V2a interneurons and motoneurons are organized in three 
distinct sub-classes that are sequentially engaged during swimming activity as speed 
increases from slow to intermediate and fast. To test if there is a selective connectivity 
pattern between V2a interneurons and motoneurons, we mapped the connectivity by 
using dual whole-cell patch-clamp recordings. The strength and distribution matrix of 
monosynaptic EPSPs clearly showed strong and reliable connections between V2a 
interneurons and motoneurons of functionally related modules but only weak and 
sparse connections between interneurons and motoneurons of modules with adjacent 
recruitment frequencies. There is a clear segregation of the cumulative distribution of 
the EPSP amplitude from connections within the same module compared to 
connections between different modules.  
 
The ‘‘size principle’’ assumes that all motoneurons receive uniformly distributed 
excitatory inputs from a common premotor source and that the order of recruitment is 
dictated by their input resistance (Heckman et al., 2012). In contrast to the ‘‘size 
principle’’ assumption, we show that the locomotor network does not consist of a 
uniform unit, but can be deconstructed into three microcircuit modules. Each module 
includes a distinct sub-class of excitatory V2a interneurons that make selective 
monosynaptic connections with slow, intermediate, or fast motoneurons. These data 
suggest that the spinal locomotor network is composed of three discrete microcircuit 
modules with selective and strong synaptic connections between, and within, the three 
modules.  
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Figure 8. Modular microcircuit organization of the locomotor network. (A) Left panel: paired recordings 
showing the existence of a strong monosynaptic connection between a slow V2a interneuron (red) and a 
slow motoneuron (red) that were simultaneously recruited during swimming at slow speeds. Middle panel: 
paired recordings from a slow V2a interneuron (red) and an intermediate motoneuron (green) without any 
detectable monosynaptic connections. Right panel: paired recordings from a different slow V2a 
interneuron (red) and a fast motoneuron (blue) that were not monosynaptically connected. (B) Left panel: 
paired recordings showing the existence of a weak monosynaptic connection between an intermediate 
V2a interneuron (green) and a slow motoneuron (red) that were not simultaneously recruited during 
swimming at slow speeds. Middle panel: paired recordings a intermediate V2a interneuron (green) and an 
intermediate motoneuron (green) showing a strong monosynaptic EPSP. These two neurons were 
recruited at intermediate swimming frequencies. Right panel: paired recordings from a different 
intermediate V2a interneuron (green) and a fast motoneuron (blue) that were not monosynaptically 
connected. (C) Left panel: paired recordings showing the lack of monosynaptic connections between a fast 
V2a interneuron (blue) and a slow motoneuron (red) that were not simultaneously recruited during 
swimming at slow speeds. Middle panel: paired recordings showing the lack of monosynaptic connections 
between a fast V2a interneuron (blue) and an intermediate motoneuron(green). Right panel: paired 
recording from a different fast V2a interneuron (blue) and a fast motoneuron (blue) that were strongly 
connected. These two neurons were recruited simultaneously at fast swimming frequencies. (Modified 
from Paper III) 
 
4.3.2 Speed control is mediated by the modular organization 
 
To understand how the modular organization governs the speed control, we analyzed 
the firing onset of V2a interneurons and motoneurons during swimming activity. The 
onset of action potential firing in slow, intermediate, and fast V2a interneurons always 
occurred prior to that of the corresponding motoneurons during locomotion. There is a 
sequential recruitment of V2a interneurons and motoneurons, in which V2a 
interneurons are recruited first and then recruit the motoneurons to produce the 
swimming activity. Analysis of excitatory drives in both V2a interneurons and 
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motoneurons showed a linear relationship, which suggests that the modular 
organization of V2a interneurons and motoneurons, combined with their overlapping 
activation during swimming ensures a smooth transition between locomotor speeds 
during acceleration or deceleration by sequentially engaging or disengaging successive 
microcircuits.  
 
4.4 ELECTRICAL COUPLING EXTEND THE INFLUENCE OF 
MOTONEURONS ONTO THE PREMOTOR CIRCUIT GENERATING 
THE LOCOMOTOR RHYTHM 
 
4.4.1 Gap junctions between motoneurons and premotor V2a 
interneurons 
 
To examine if electrical coupling exists between motoneurons and the premotor V2a 
excitatory interneurons, three complementary sets of experiments were performed. 
First, the occurrence of dye coupling from motoneurons to V2a interneurons was 
revealed by injection of neurobiotin into muscles. This led to the labeling of V2a 
interneurons via dye coupling from the retrogradely labeled of motoneurons. Second, 
using immunohistochemistry, connexin 35/36 was localized on the dendrites of 
motoneurons in close apposition to the presynaptic axons of V2a interneurons. 
Moreover, we also showed that in the dendrites connexin 35/36 was present in close 
proximity to synaptophysin-labeled presynaptic terminals. Thirdly, the occurrence of 
electrical coupling was confirmed using whole-cell recordings from pairs of V2a 
interneurons and motoneurons. There was a bidirectional electrical communication 
between V2a interneurons and motor neurons. Further we showed that the electrical 
coupling occurs only in pairs of V2a interneurons and motoneurons connected via 
chemical synaptic transmission. These results show that gap junctions occur between 
the presynaptic terminals of V2a interneurons and the dendrites of motor neurons. This 
enables propagation of electrical signals backwards from motoneurons to the upstream 
excitatory V2a interneurons.  
 
Electrical synapses occur in the adult vertebrate spinal cord (Sotelo et al., 1972; Rash et 
al., 1996; Chang et al., 1999; Parenti et al., 2000), however their function has remained 
unclear. To address this, we tested if the backward propagation of electrical signals 
from motoneurons influences synaptic transmission from V2a interneurons. A steady 
depolarization of the membrane potential in the recorded motoneurons enhanced the 
EPSPs, while a hyperpolarization depressed the EPSPs. Importantly, in the pairs that 
were only connected via chemical synapses, the amplitude of the EPSPs was not 
affected by steady changes in the membrane potential of the motoneurons. There was a 
linear relationship between the coefficient of electrical coupling between the 
motoneurons and the V2a interneurons and the changes in the EPSP amplitude. 
Moreover, in pairs connected by gap junctions, a change of the motoneurons membrane 
potential altered the firing threshold of the presynaptic V2a interneurons. A steady 
hyperpolarization of the motoneurons significantly increased the firing threshold of the 
V2a interneurons and inhibited repetitive firing. Conversely, a steady depolarization of 
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the motoneurons decreased the firing threshold of the V2a interneurons and increased 
their repetitive firing. This suggests that motoneurons have the capacity to modulate the 
firing of premotor V2a interneurons which are the source of excitation driving 
swimming activity in zebrafish.  
 
These results show that gap junctions enable backward propagation of analog electrical 
signals from motoneurons to premotor V2a interneurons, and that this contributes to 
defining their synaptic strength and firing threshold.  
 
 
 
Figure 9. Motoneurons influence the firing threshold and the recruitment of V2a interneurons. (A) Dye 
coupling between motoneurons and V2a interneurons in the adult zebrafish spinal cord. (B) Dual patch-
recordings showing the fluctuation of membrane potential in a motoneuron affecting that in a V2a 
interneuron. (C) The firing of a V2a interneuron was strongly influenced by changes in the membrane 
potential of the electrically coupled motoneuron. (D) In the electrically coupled pair of a V2a interneuron 
and a motoneuron, a steady hyperpolarization of the membrane potential in the MN reversibly prevented 
the firing in the V2a IN, which displayed only subthreshold membrane potential oscillations. (Modified from 
Paper IV). 
 
4.4.2 Motoneurons influence premotor rhythm generation through gap 
junctions  
 
Motoneurons are traditionally considered to be the final common pathway for the 
execution of the command from the premotor locomotor network (Kiehn, 1991; 
Brownstone, 2006; Heckman et al., 2012). However, their strong influence on V2a 
interneurons prompted us to reassess their role in the locomotor rhythm generation. 
Whole-cell recordings were made from pairs of V2a interneurons and motoneurons 
connected with gap junctions. Both the V2a interneurons and the motoneurons were 
rhythmically active during locomotion. Remarkably, hyperpolarization of the 
membrane potential in the motoneurons reversibly inhibited the V2a interneurons, 
which were de-recruited and displayed only subthreshold rhythmic synaptic activity. 
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These results revealed a prominent role for motoneurons in defining the recruitment 
threshold of the V2a interneurons, which are a pivotal component of the rhythm 
generator circuit. Next we examined if acute inhibition of motoneurons during ongoing 
locomotor activity alters features of the locomotor rhythm generation. During ongoing 
locomotor activity, optogenetic inhibition of motoneurons reversibly de-recruited some 
V2a interneurons. At the circuit level, optogenetic inhibition of motoneurons 
significantly decreased the burst frequency and the duration of the locomotor activity. 
 
 
 
 
Figure 10. Optogenetic inhibition of motor neurons decreases the frequency of locomotion. (A) A 
transgenic zebrafish line was used in which halorhodopsin (NpHR-mCherry) was expressed in 
motoneurons while GFP was expressed in V2a interneurons. (B) Yellow light stimulation induced 
hyperpolarization in the membrane potential of the motoneurons and their electrically coupled V2a 
interneurons. (C) In most of the preparations, long yellow light stimulation decreased the burst frequency 
and duration of the swimming bout. (D) Graph showing the decrease in the swimming burst frequency by 
optogenetic inhibition of motor neurons. (E) Graph showing the decrease in the swimming bout duration by 
optogenetic inhibition of motoneurons. (Modified from Paper IV) 
 
Until now, the only reported path for motoneurons to influence the spinal central 
pattern generator has been to activate Renshaw cells, which produce recurrent 
inhibition (McCrea et al., 1980; Noga et al., 1987; Kiehn, 2006). However, this 
pathway is not considered to contribute to the generation of the locomotor rhythmicity 
(Noga et al., 1987; Zhang et al., 2014). An important function of electrical coupling via 
gap junctions is to synchronize the activity of neuronal ensembles. In the spinal cord, 
gap junctions have been thought to play a role during the early development of spinal 
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circuits (Walton et al., 1991; Frank, 1993; Saint-Amant et al., 2000), in the 
specification of neuron types and in circuit formation (Chang et al., 2000; Tresch et al., 
2000; Zhong et al., 2010). In addition, they can synchronize the activity of 
motoneurons to produce rhythmic activity (Sillar et al., 1994; Tresch et al., 2000). We 
now demonstrate a novel and direct path that mediates a simultaneous and continuous 
integration of the ongoing activity of the motoneurons with the upstream excitatory 
interneurons. The existence of electrical coupling between motoneurons and excitatory 
V2a interneurons suggests that a major revision of the traditional view of the 
construction of locomotor circuits is required. Rather than acting as feed-forward units, 
the backward transfer of electrical signals via electrical coupling unites motoneurons 
and interneurons into functional ensembles endowed with an analog processing 
essential for the elaboration of the locomotor rhythm. 
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5 CONCLUDING REMARKS 
 
This thesis focuses on studying the fundamental neural circuits of swimming and 
escape as well as the endocannabinoid modulation in these circuits. Detailed neural 
mechanisms that underlie neural control of swimming speed and the choice of escape 
overriding swimming are suggested. These mechanisms involve not only the basic 
neuronal circuits of the spinal swimming and escape networks, but also the modulatory 
effect of endocannabinoids on these networks.  
 
Revealing the neural circuit substrates and mapping the connectivity pattern among 
network neurons is fundamental to understand the basic network structure underlying 
the neural control of motor behavior and the behavioral selection. This would inform us 
exactly how the neural networks operate with respect to the behavior – movement 
pattern, speed control or behavioral selection. Although the neural circuits and the 
connectivity patterns differ for different behaviors, the connections among the network 
neurons are mediated through chemical synapses, electrical synapses or both. 
Neuromodulators in the neural circuits can dynamically modulate the connectivity of 
network neurons via tuning the strength of synaptic transmission by acting on 
presynaptic or postsynaptic components. The modulatory effects occur at the level from 
single cells to neural circuits, which can have a profound influence on the physiological 
state and the behavioral output. In general, the fundamental structure of neuronal 
networks together with adjustable modulatory systems generates flexible behaviors and 
promotes appropriate behavioral selection in response to the environmental 
requirements.  
 
How can our results from the zebrafish be applied to other nervous systems? Firstly, the 
modular organization of premotor V2a interneurons and motoneurons explains how the 
spinal premotor network channels excitation to motoneurons, a finding that might apply 
also to interneurons mediating reciprocal inhibition. Furthermore, in mammals, each 
limb contains a few muscles, which work in a coordinated way to perform the 
movement. As the UBG concept suggests, muscles in the given joint share the same 
central pattern generator. These muscles contain a mixture of slow, intermediate and 
fast muscle fibers, which might also be driven by a modular organized network. 
Secondly, a clutch-like mechanism in the spinal locomotor circuit of zebrafish has been 
revealed to control the behavioral selection between escape and swimming. In 
vertebrates, different spinal descending inputs govern distinct behaviors. Behavioral 
selection might also involve a competition of the related descending pathways. The 
overall organization of the vertebrate locomotor system is highly conserved and a 
clutch-like mechanism might help to explain the neural mechanisms underlying 
behavioral selection also in other vertebrates. Thirdly, gap junctions enable the 
motoneurons to mediate the activity of premotor interneurons and adjust the locomotor 
frequency. This finding may also apply to other vertebrates.  
 
 32 
6 ACKNOWLEDGEMENTS 
 
I would like to express my deep and sincere gratitude to everyone who has contributed to make 
this thesis possible and enjoyable, in particular: 
 
Abdel El Manira, my main supervisor, for introducing me to the field of motor control, for 
sharing his broad and extensive knowledge, for his creativity and brain storming, for teaching 
me the electrophysiological techniques, for all the invaluable and stimulating discussions, for 
supporting me in my future career, for providing the best Moroccan food and the trip to 
Morocco and for a lot more. 
 
Sten Grillner, my co-supervisor, for his support and all the inspiring discussions, for his creative 
and smart advice, for building up the diagram that I have been studying on, for showing how to 
be a good and top scientist.  
 
Wei Wei, my mentor, for introducing Karolinska Institute to me and for his career guidance. 
 
Ole, Tania, Lars, Gilli, Zhi-Qing (David), Joseph Karima, and Peter for sharing your 
knowledge, for all the advice and discussions. 
 
Keith for inviting me to St Andrews University and for all the inspiration. 
 
The present members in the lab, Kostas, my co-author, for his great anatomy work and the daily 
encouragement. Rebecka, for her generous help with all experiments and all writing. Elin, for 
her help with ordering and translation of Swedish. 
 
The former members in the lab, Jessica, for her help to start with zebrafish experiments and 
teaching me Matlab. Emma and Sabine, for sharing their experience of the dissection of larva 
zebrafish. Alexandros, for his help to start with lamprey experiments. 
 
Iris, for her support and help. Gilli and Ming, for generously sharing your new control box with 
which I obtained quite a lot data for the third paper. Christian and Lovisa, for sharing the 
vibratome. Hongyan for the advice and for the nice drive in Scotland, Xinming for setting up 
the controller for the optogenetic experiments. Stefan, for teaching me the behavior software. 
Ivar, for demonstrating calcium imaging. Yu (Sam), for fixing my work computer and 
equipment several times. Kai and Li-Ju, for the scientific passion. 
 
My previous supervisor Jian-guo Chen together with Fang Wang and Zhuang-Li Hu, for 
inviting me to Wuhan (武汉). 
 
The secretary of my mother university, Jun Li and the secretary of the pharmacy school in my 
mother university, Changyu Li, for inviting me to Hefei (合肥). 
 
Former and present, probably too many to name them all, but thanks Peter (2 meter), Brita, 
Carolina, Kim, Carmelo, Julien, Andreas, Vanessa, Andrea, Juan, Lorenza Ann-Charlotte, 
Sheras, Elham, Robert, Ramon, Maya, Matthijs, Yvonne, Lotta, Natalie and Manideep for all 
   33 
the nice and warm talks and for sharing the happiness around the coffee table. Shi-Jin, Xiao-
Qun, Hong-shi, Tie-Jun (sten), Yu (Sam), Xinming, Li-ju, Kai, Yang, Xiaofei, Mingdong and 
Di for the Chinese version of science and updated information about life in China during the 
last six years. Wei, Qian and Tianyi for the nice trip to Gotland. Changgeng, Shanzheng and 
Dawei for the happy lunchtime.  
 
All the friends in Sweden, China and other parts of the world: Xiaoyuan Ren, Jiangrong Wang, 
Yang Chen, Yi Huang, Jie Ding, Gang Bao, Shibing Li, Qin, Xiao, Yang Xu, Dong, Yang, 
Yixin Wang, Lidi Xu, Peng Zhang, Jiaqi Huang, Yuning Zhang, Menghan, Qiang Zhang, 
Zheng Chang, Chen Suo, Ci Song, Huan Song, Jianwei Zhu, Xiaoshen Li, and Rui Wang. 
 
My mother-in-law 
我的岳母，一位朴实幽默并且富有童心的长辈，感谢她养育了一位优秀的并且嫁给了我的女儿，
感谢她不远万里来到斯得哥尔摩照顾我们和我们的儿子哲枢。感谢她给我们带来了无数的生活
乐趣。 
 
My parents 
我的父母，是经历了饥荒和文化浩劫的一代，尤其是我的父亲竟然在去高考的路上被告知因为
家庭成分不能参加高考。生活的现实让他们做学问的梦想不再，但是他们以自己的方式活出了
人生的精彩。在此儿子仅以此论文来感谢父母养育教育之恩，感谢父母的诚实，踏实，智慧和
坚韧不拔带给我的影响。 
 
My sisters, thank both of you for taking care of me and for numerous help and support.  
  
My beloved wife, Na, she makes my life enriched and wonderful. She is the one who can calm 
me down and the one who knows me best. She is always the one to support me and always the 
one to spoil me.  
 
Finally, my son, Zhe-Shu (哲枢) Eric, his birth is probably the most important part in my life 
except my birth. 
 
 
 
 
 34 
7 REFERENCES 
 
Ahrens MB, Orger MB, Robson DN, Li JM, Keller PJ (2013). Whole-brain functional imaging 
at cellular resolution using light-sheet microscopy. Nat Methods 10(5): 413-420. 
 
Al-Mosawie A, Wilson JM, Brownstone RM (2007). Heterogeneity of V2-derived interneurons 
in the adult mouse spinal cord. Eur J Neurosci 26(11): 3003-3015. 
 
Alger BE (2002). Retrograde signaling in the regulation of synaptic transmission: focus on 
endocannabinoids. Prog Neurobiol 68(4): 247-286. 
 
Alger BE (2009). Endocannabinoid signaling in neural plasticity. Curr Top Behav Neurosci 1: 
141-172. 
 
Alger BE (2012). Endocannabinoids at the synapse a decade after the dies mirabilis (29 March 
2001): what we still do not know. J Physiol 590(Pt 10): 2203-2212. 
 
Ampatzis K, Song J, Ausborn J, El Manira A (2013). Pattern of innervation and recruitment of 
different classes of motoneurons in adult zebrafish. J Neurosci 33(26): 10875-10886. 
 
Arber S (2012). Motor circuits in action: specification, connectivity, and function. Neuron 
74(6): 975-989. 
 
Ausborn J, Mahmood R, El Manira A (2012). Decoding the rules of recruitment of excitatory 
interneurons in the adult zebrafish locomotor network. Proc Natl Acad Sci U S A 109(52): 
E3631-3639. 
 
Bargmann CI, Marder E (2013). From the connectome to brain function. Nat Methods 10(6): 
483-490. 
 
Bennett MV (1997). Gap junctions as electrical synapses. J Neurocytol 26(6): 349-366. 
 
Bennett MV, Zukin RS (2004). Electrical coupling and neuronal synchronization in the 
Mammalian brain. Neuron 41(4): 495-511. 
 
Bidaye SS, Machacek C, Wu Y, Dickson BJ (2014). Neuronal control of Drosophila walking 
direction. Science 344(6179): 97-101. 
 
Blankman JL, Simon GM, Cravatt BF (2007). A comprehensive profile of brain enzymes that 
hydrolyze the endocannabinoid 2-arachidonoylglycerol. Chem Biol 14(12): 1347-1356. 
 
Brenowitz SD, Regehr WG (2005). Associative short-term synaptic plasticity mediated by 
endocannabinoids. Neuron 45(3): 419-431. 
 
Brown TG (1914). On the nature of the fundamental activity of the nervous centres; together 
with an analysis of the conditioning of rhythmic activity in progression, and a theory of the 
evolution of function in the nervous system. J Physiol 48(1): 18-46. 
 
Brownstone RM (2006). Beginning at the end: repetitive firing properties in the final common 
pathway. Prog Neurobiol 78(3-5): 156-172. 
 
Brozović M, Gail A, Andersen RA (2007). Gain mechanisms for contextually guided 
visuomotor transformations. J Neurosci 27(39): 10588-10596. 
 
Bullock GL (1961). The identification and separation of Aeromonas liquefaciens from 
Pseudomonas fluorescens and related organisms occurring in diseased fish. Appl Microbiol 9: 
587-590. 
   35 
 
Burke RE, Levine DN, Salcman M, Tsairis P (1974). Motor units in cat soleus muscle: 
physiological, histochemical and morphological characteristics. J Physiol 238(3): 503-514. 
 
Büschges A, Akay T, Gabriel JP, Schmidt J (2008). Organizing network action for locomotion: 
insights from studying insect walking. Brain Res Rev 57(1): 162-171. 
 
Cachope R, Pereda AE (2012). Two independent forms of activity-dependent potentiation 
regulate electrical transmission at mixed synapses on the Mauthner cell. Brain Res 1487: 173-
182. 
 
Castillo PE, Younts TJ, Chávez AE, Hashimotodani Y (2012). Endocannabinoid signaling and 
synaptic function. Neuron 76(1): 70-81. 
 
Cazalets JR, Sqalli-Houssaini Y, Clarac F (1992). Activation of the central pattern generators 
for locomotion by serotonin and excitatory amino acids in neonatal rat. J Physiol 455: 187-204. 
 
Chang Q, Balice-Gordon RJ (2000). Gap junctional communication among developing and 
injured motor neurons. Brain Res Brain Res Rev 32(1): 242-249. 
 
Chang Q, Gonzalez M, Pinter MJ, Balice-Gordon RJ (1999). Gap junctional coupling and 
patterns of connexin expression among neonatal rat lumbar spinal motor neurons. J Neurosci 
19(24): 10813-10828. 
 
Chevaleyre V, Castillo PE (2003). Heterosynaptic LTD of hippocampal GABAergic synapses: 
a novel role of endocannabinoids in regulating excitability. Neuron 38(3): 461-472. 
 
Cohen AH, Wallén P (1980). The neuronal correlate of locomotion in fish. "Fictive swimming" 
induced in an in vitro preparation of the lamprey spinal cord. Exp Brain Res 41(1): 11-18. 
 
Cohen MR, Newsome WT (2008). Context-dependent changes in functional circuitry in visual 
area MT. Neuron 60(1): 162-173. 
 
Condorelli DF, Belluardo N, Trovato-Salinaro A, Mudò G (2000). Expression of Cx36 in 
mammalian neurons. Brain Res Brain Res Rev 32(1): 72-85. 
 
Connors BW, Long MA (2004). Electrical synapses in the mammalian brain. Annu Rev 
Neurosci 27: 393-418. 
 
Crone SA, Quinlan KA, Zagoraiou L, Droho S, Restrepo CE, Lundfald L, et al. (2008). Genetic 
ablation of V2a ipsilateral interneurons disrupts left-right locomotor coordination in 
mammalian spinal cord. Neuron 60(1): 70-83. 
 
Crone SA, Zhong G, Harris-Warrick R, Sharma K (2009). In mice lacking V2a interneurons, 
gait depends on speed of locomotion. J Neurosci 29(21): 7098-7109. 
 
Dale N (1998). Delayed production of adenosine underlies temporal modulation of swimming 
in frog embryo. J Physiol 511 ( Pt 1): 265-272. 
 
Dale N, Kuenzi F (1997). Ionic currents, transmitters and models of motor pattern generators. 
Curr Opin Neurobiol 7(6): 790-796. 
 
Daniel H, Crepel F (2001). Control of Ca(2+) influx by cannabinoid and metabotropic 
glutamate receptors in rat cerebellar cortex requires K(+) channels. J Physiol 537(Pt 3): 793-
800. 
 
Delcomyn F (1980). Neural basis of rhythmic behavior in animals. Science 210(4469): 492-
498. 
 
 36 
Devoto SH, Melançon E, Eisen JS, Westerfield M (1996). Identification of separate slow and 
fast muscle precursor cells in vivo, prior to somite formation. Development 122(11): 3371-
3380. 
 
Dickson BJ (2008). Wired for sex: the neurobiology of Drosophila mating decisions. Science 
322(5903): 904-909. 
 
Dinh TP, Carpenter D, Leslie FM, Freund TF, Katona I, Sensi SL, et al. (2002). Brain 
monoglyceride lipase participating in endocannabinoid inactivation. Proc Natl Acad Sci U S A 
99(16): 10819-10824. 
 
Dougherty KJ, Kiehn O (2010). Firing and cellular properties of V2a interneurons in the rodent 
spinal cord. J Neurosci 30(1): 24-37. 
 
Dougherty KJ, Zagoraiou L, Satoh D, Rozani I, Doobar S, Arber S, et al. (2013). Locomotor 
rhythm generation linked to the output of spinal shox2 excitatory interneurons. Neuron 80(4): 
920-933. 
 
Drapeau P, Saint-Amant L, Buss RR, Chong M, McDearmid JR, Brustein E (2002). 
Development of the locomotor network in zebrafish. Prog Neurobiol 68(2): 85-111. 
 
Dudel J, Kuffler SW (1961). Presynaptic inhibition at the crayfish neuromuscular junction. J 
Physiol 155: 543-562. 
 
Eccles JC (1964). Presynaptic inhibition in the spinal cord. Prog Brain Res 12: 65-91. 
 
Edwards DA, Zhang L, Alger BE (2008). Metaplastic control of the endocannabinoid system at 
inhibitory synapses in hippocampus. Proc Natl Acad Sci U S A 105(23): 8142-8147. 
 
Eklöf-Ljunggren E, Haupt S, Ausborn J, Dehnisch I, Uhlén P, Higashijima S, et al. (2012). 
Origin of excitation underlying locomotion in the spinal circuit of zebrafish. Proc Natl Acad Sci 
U S A 109(14): 5511-5516. 
 
El Manira A (2014). Dynamics and plasticity of spinal locomotor circuits. Curr Opin Neurobiol 
29: 133-141. 
 
El Manira A, Clarac F (1994). Presynaptic inhibition is mediated by histamine and GABA in 
the crustacean escape reaction. J Neurophysiol 71(3): 1088-1095. 
 
El Manira A, Kyriakatos A (2010). The role of endocannabinoid signaling in motor control. 
Physiology (Bethesda) 25(4): 230-238. 
 
El Manira A, Kyriakatos A, Nanou E, Mahmood R (2008). Endocannabinoid signaling in the 
spinal locomotor circuitry. Brain research reviews 57(1): 29-36. 
 
El Manira A, Tegnér J, Grillner S (1994). Calcium-dependent potassium channels play a critical 
role for burst termination in the locomotor network in lamprey. J Neurophysiol 72(4): 1852-
1861. 
 
Ericson J, Briscoe J, Rashbass P, van Heyningen V, Jessell TM (1997a). Graded sonic 
hedgehog signaling and the specification of cell fate in the ventral neural tube. Cold Spring 
Harb Symp Quant Biol 62: 451-466. 
 
Ericson J, Rashbass P, Schedl A, Brenner-Morton S, Kawakami A, van Heyningen V, et al. 
(1997b). Pax6 controls progenitor cell identity and neuronal fate in response to graded Shh 
signaling. Cell 90(1): 169-180. 
 
Faber DS, Korn H, Lin JW (1991). Role of medullary networks and postsynaptic membrane 
properties in regulating Mauthner cell responsiveness to sensory excitation. Brain Behav Evol 
37(5): 286-297. 
   37 
 
Feldman JL, Del Negro CA, Gray PA (2013). Understanding the rhythm of breathing: so near, 
yet so far. Annu Rev Physiol 75: 423-452. 
 
Feldman JL, Mitchell GS, Nattie EE (2003). Breathing: rhythmicity, plasticity, 
chemosensitivity. Annu Rev Neurosci 26: 239-266. 
 
Fetcho JR, Faber DS (1988). Identification of motoneurons and interneurons in the spinal 
network for escapes initiated by the mauthner cell in goldfish. J Neurosci 8(11): 4192-4213. 
 
Fetcho JR, Liu KS (1998). Zebrafish as a model system for studying neuronal circuits and 
behavior. Ann N Y Acad Sci 860: 333-345. 
 
Flavell SW, Pokala N, Macosko EZ, Albrecht DR, Larsch J, Bargmann CI (2013). Serotonin 
and the neuropeptide PDF initiate and extend opposing behavioral states in C. elegans. Cell 
154(5): 1023-1035. 
 
Frank E (1993). New life in an old structure: the development of synaptic pathways in the 
spinal cord. Curr Opin Neurobiol 3(1): 82-86. 
 
Fu TC, Hultborn H, Larsson R, Lundberg A (1978). Reciprocal inhibition during the tonic 
stretch reflex in the decerebrate cat. J Physiol 284: 345-369. 
 
Furshpan EJ, Potter DD (1959). Transmission at the giant motor synapses of the crayfish. J 
Physiol 145(2): 289-325. 
 
Gabriel JP, Ausborn J, Ampatzis K, Mahmood R, Eklöf-Ljunggren E, El Manira A (2011). 
Principles governing recruitment of motoneurons during swimming in zebrafish. Nat Neurosci 
14(1): 93-99. 
 
Galante M, Diana MA (2004). Group I metabotropic glutamate receptors inhibit GABA release 
at interneuron-Purkinje cell synapses through endocannabinoid production. J Neurosci 24(20): 
4865-4874. 
 
Galarreta M, Hestrin S (2001). Electrical synapses between GABA-releasing interneurons. Nat 
Rev Neurosci 2(6): 425-433. 
 
Gaudry Q, Kristan WB (2009). Behavioral choice by presynaptic inhibition of tactile sensory 
terminals. Nat Neurosci 12(11): 1450-1457. 
 
Goetz C, Pivetta C, Arber S (2015). Distinct limb and trunk premotor circuits establish 
laterality in the spinal cord. Neuron 85(1): 131-144. 
 
Goulding M (2009). Circuits controlling vertebrate locomotion: moving in a new direction. Nat 
Rev Neurosci 10(7): 507-518. 
 
Goulding M, Bourane S, Garcia-Campmany L, Dalet A, Koch S (2014). Inhibition downunder: 
an update from the spinal cord. Curr Opin Neurobiol 26: 161-166. 
 
Goulding M, Lanuza G, Sapir T, Narayan S (2002). The formation of sensorimotor circuits. 
Curr Opin Neurobiol 12(5): 508-515. 
 
Gregg LC, Jung KM, Spradley JM, Nyilas R, Suplita RL, Zimmer A, et al. (2012). Activation 
of type 5 metabotropic glutamate receptors and diacylglycerol lipase-α initiates 2-
arachidonoylglycerol formation and endocannabinoid-mediated analgesia. J Neurosci 32(28): 
9457-9468. 
 
Grillner (1981). Control of Locomotion in Bipeds, Tetrapods, and Fish. Compr Physiol 2011, 
Supplement 2: Handbook of Physiology, The Nervous System, Motor Control: 1179-1236. 
 38 
Grillner S (1985). Neurobiological bases of rhythmic motor acts in vertebrates. Science 
228(4696): 143-149. 
 
Grillner S (2003). The motor infrastructure: from ion channels to neuronal networks. Nat Rev 
Neurosci 4(7): 573-586. 
 
Grillner S (2006a). Biological pattern generation: the cellular and computational logic of 
networks in motion. Neuron 52(5): 751-766. 
 
Grillner S (2006b). Neuronal networks in motion from ion channels to behaviour. An R Acad 
Nac Med (Madr) 123(2): 297-298. 
 
Gulyas AI, Cravatt BF, Bracey MH, Dinh TP, Piomelli D, Boscia F, et al. (2004). Segregation 
of two endocannabinoid-hydrolyzing enzymes into pre- and postsynaptic compartments in the 
rat hippocampus, cerebellum and amygdala. Eur J Neurosci 20(2): 441-458. 
 
Harris DA, Henneman E (1977). Identification of two species of alpha motoneurons in cat's 
plantaris pool. J Neurophysiol 40(1): 16-25. 
 
Harris-Warrick RM, Marder E (1991). Modulation of neural networks for behavior. Annu Rev 
Neurosci 14: 39-57. 
 
Hashimotodani Y, Ohno-Shosaku T, Kano M (2007). Presynaptic monoacylglycerol lipase 
activity determines basal endocannabinoid tone and terminates retrograde endocannabinoid 
signaling in the hippocampus. J Neurosci 27(5): 1211-1219. 
 
Hashimotodani Y, Ohno-Shosaku T, Tsubokawa H, Ogata H, Emoto K, Maejima T, et al. 
(2005). Phospholipase Cbeta serves as a coincidence detector through its Ca2+ dependency for 
triggering retrograde endocannabinoid signal. Neuron 45(2): 257-268. 
 
Heckman CJ, Enoka RM (2012). Motor unit. Compr Physiol 2(4): 2629-2682. 
 
Heifets BD, Castillo PE (2009). Endocannabinoid signaling and long-term synaptic plasticity. 
Annu Rev Physiol 71: 283-306. 
 
Henneman E (1957). Relation between size of neurons and their susceptibility to discharge. 
Science 126(3287): 1345-1347. 
 
Hess D, El Manira A (2001). Characterization of a high-voltage-activated IA current with a role 
in spike timing and locomotor pattern generation. Proc Natl Acad Sci U S A 98(9): 5276-5281. 
 
Hodgkin AL, Huxley AF (1952). A quantitative description of membrane current and its 
application to conduction and excitation in nerve. J Physiol 117(4): 500-544. 
 
Holstege G, Graveland G, Bijker-Biemond C, Schuddeboom I (1983). Location of motoneurons 
innervating soft palate, pharynx and upper esophagus. Anatomical evidence for a possible 
swallowing center in the pontine reticular formation. An HRP and autoradiographical tracing 
study. Brain Behav Evol 23(1-2): 47-62. 
 
Hooper SL, DiCaprio RA (2004). Crustacean motor pattern generator networks. Neurosignals 
13(1-2): 50-69. 
 
Jessell TM (2000). Neuronal specification in the spinal cord: inductive signals and 
transcriptional codes. Nat Rev Genet 1(1): 20-29. 
 
Jing J, Gillette R (1995). Neuronal elements that mediate escape swimming and suppress 
feeding behavior in the predatory sea slug Pleurobranchaea. J Neurophysiol 74(5): 1900-1910. 
 
   39 
Jung KM, Mangieri R, Stapleton C, Kim J, Fegley D, Wallace M, et al. (2005). Stimulation of 
endocannabinoid formation in brain slice cultures through activation of group I metabotropic 
glutamate receptors. Mol Pharmacol 68(5): 1196-1202. 
 
Kano M, Ohno-Shosaku T, Hashimotodani Y, Uchigashima M, Watanabe M (2009). 
Endocannabinoid-mediated control of synaptic transmission. Physiol Rev 89(1): 309-380. 
 
Katona I, Urbán GM, Wallace M, Ledent C, Jung KM, Piomelli D, et al. (2006). Molecular 
composition of the endocannabinoid system at glutamatergic synapses. J Neurosci 26(21): 
5628-5637. 
 
Kettunen P, Kyriakatos A, Hallén K, El Manira A (2005). Neuromodulation via conditional 
release of endocannabinoids in the spinal locomotor network. Neuron 45(1): 95-104. 
 
Kiehn O (1991). Plateau potentials and active integration in the 'final common pathway' for 
motor behaviour. Trends Neurosci 14(2): 68-73. 
 
Kiehn O (2006). Locomotor circuits in the mammalian spinal cord. Annu Rev Neurosci 29: 
279-306. 
 
Kiehn O, Kjaerulff O (1998). Distribution of central pattern generators for rhythmic motor 
outputs in the spinal cord of limbed vertebrates. Ann N Y Acad Sci 860: 110-129. 
 
Kiehn O, Tresch MC (2002). Gap junctions and motor behavior. Trends Neurosci 25(2): 108-
115. 
 
Kimura Y, Satou C, Higashijima S (2008). V2a and V2b neurons are generated by the final 
divisions of pair-producing progenitors in the zebrafish spinal cord. Development 135(18): 
3001-3005. 
 
Koehler W, Hamm TM, Enoka RM, Stuart DG, Windhorst U (1984). Linear and non-linear 
summation of alpha-motoneuron potential changes elicited by contractions of homonymous 
motor units in cat medial gastrocnemius. Brain Res 296(2): 385-388. 
 
Kohashi T, Oda Y (2008). Initiation of Mauthner- or non-Mauthner-mediated fast escape 
evoked by different modes of sensory input. J Neurosci 28(42): 10641-10653. 
 
Kreitzer AC, Malenka RC (2005). Dopamine modulation of state-dependent endocannabinoid 
release and long-term depression in the striatum. J Neurosci 25(45): 10537-10545. 
 
Kreitzer AC, Regehr WG (2001). Retrograde inhibition of presynaptic calcium influx by 
endogenous cannabinoids at excitatory synapses onto Purkinje cells. Neuron 29(3): 717-727. 
 
Krieger P, Hellgren-Kotaleski J, Kettunen P, El Manira AJ (2000). Interaction between 
metabotropic and ionotropic glutamate receptors regulates neuronal network activity. J 
Neurosci 20(14): 5382-5391. 
 
Kristan WB (2008). Neuronal decision-making circuits. Curr Biol 18(19): R928-932. 
 
Kristan WB, Weeks JC (1983). Neurons controlling the initiation, generation and modulation of 
leech swimming. Symp Soc Exp Biol 37: 243-260. 
 
Kudo N, Yamada T (1987). N-methyl-D,L-aspartate-induced locomotor activity in a spinal 
cord-hindlimb muscles preparation of the newborn rat studied in vitro. Neurosci Lett 75(1): 43-
48. 
 
Kyriakatos A, El Manira A (2007). Long-term plasticity of the spinal locomotor circuitry 
mediated by endocannabinoid and nitric oxide signaling. J Neurosci 27(46): 12664-12674. 
 
 40 
Kyriakatos A, Mahmood R, Ausborn J, Porres CP, Büschges A, El Manira A (2011). Initiation 
of locomotion in adult zebrafish. J Neurosci 31(23): 8422-8431. 
 
Kyriakatos A, Molinari M, Mahmood R, Grillner S, Sillar KT, El Manira A (2009). Nitric 
oxide potentiation of locomotor activity in the spinal cord of the lamprey. J Neurosci 29(42): 
13283-13291. 
 
Lee KJ, Jessell TM (1999). The specification of dorsal cell fates in the vertebrate central 
nervous system. Annu Rev Neurosci 22: 261-294. 
 
Lee RK, Eaton RC (1991). Identifiable reticulospinal neurons of the adult zebrafish, 
Brachydanio rerio. J Comp Neurol 304(1): 34-52. 
 
Lewis KE, Eisen JS (2003). From cells to circuits: development of the zebrafish spinal cord. 
Prog Neurobiol 69(6): 419-449. 
 
Liao JC, Fetcho JR (2008). Shared versus specialized glycinergic spinal interneurons in axial 
motor circuits of larval zebrafish. J Neurosci 28(48): 12982-12992. 
 
Liddell EGT, Sherrington CS (1925). Recruitment and some other features of reflex inhibition 
Vol. 97, pp 488-518. Proceedings of the Royal Society of London. 
 
Liu KS, Fetcho JR (1999). Laser ablations reveal functional relationships of segmental 
hindbrain neurons in zebrafish. Neuron 23(2): 325-335. 
 
Liu YC, Bailey I, Hale ME (2012). Alternative startle motor patterns and behaviors in the larval 
zebrafish (Danio rerio). J Comp Physiol A Neuroethol Sens Neural Behav Physiol 198(1): 11-
24. 
 
Lundfald L, Restrepo CE, Butt SJ, Peng CY, Droho S, Endo T, et al. (2007). Phenotype of V2-
derived interneurons and their relationship to the axon guidance molecule EphA4 in the 
developing mouse spinal cord. Eur J Neurosci 26(11): 2989-3002. 
 
Maejima T, Hashimoto K, Yoshida T, Aiba A, Kano M (2001). Presynaptic inhibition caused 
by retrograde signal from metabotropic glutamate to cannabinoid receptors. Neuron 31(3): 463-
475. 
 
Mann-Metzer P, Yarom Y (1999). Electrotonic coupling interacts with intrinsic properties to 
generate synchronized activity in cerebellar networks of inhibitory interneurons. J Neurosci 
19(9): 3298-3306. 
 
Marder E (2002). Non-mammalian models for studying neural development and function. 
Nature 417(6886): 318-321. 
 
Marsicano G, Wotjak CT, Azad SC, Bisogno T, Rammes G, Cascio MG, et al. (2002). The 
endogenous cannabinoid system controls extinction of aversive memories. Nature 418(6897): 
530-534. 
 
Masino MA, Fetcho JR (2005). Fictive swimming motor patterns in wild type and mutant larval 
zebrafish. J Neurophysiol 93(6): 3177-3188. 
 
McCrea DA, Pratt CA, Jordan LM (1980). Renshaw cell activity and recurrent effects on 
motoneurons during fictive locomotion. J Neurophysiol 44(3): 475-488. 
 
McDearmid JR, Drapeau P (2006). Rhythmic motor activity evoked by NMDA in the spinal 
zebrafish larva. J Neurophysiol 95(1): 401-417. 
 
McLean DL, Fan J, Higashijima S, Hale ME, Fetcho JR (2007). A topographic map of 
recruitment in spinal cord. Nature 446(7131): 71-75. 
 
   41 
Metcalfe WK, Mendelson B, Kimmel CB (1986). Segmental homologies among reticulospinal 
neurons in the hindbrain of the zebrafish larva. J Comp Neurol 251(2): 147-159. 
 
Nakayama H, Oda Y (2004). Common sensory inputs and differential excitability of 
segmentally homologous reticulospinal neurons in the hindbrain. J Neurosci 24(13): 3199-
3209. 
 
Nazzaro C, Greco B, Cerovic M, Baxter P, Rubino T, Trusel M, et al. (2012). SK channel 
modulation rescues striatal plasticity and control over habit in cannabinoid tolerance. Nat 
Neurosci 15(2): 284-293. 
 
Nicholls J, Wallace BG (1978). Quantal analysis of transmitter release at an inhibitory synapse 
in the central nervous system of the leech. J Physiol 281: 171-185. 
 
Nienborg H, Cohen MR, Cumming BG (2012). Decision-related activity in sensory neurons: 
correlations among neurons and with behavior. Annu Rev Neurosci 35: 463-483. 
 
Noga BR, Shefchyk SJ, Jamal J, Jordan LM (1987). The role of Renshaw cells in locomotion: 
antagonism of their excitation from motor axon collaterals with intravenous mecamylamine. 
Exp Brain Res 66(1): 99-105. 
 
O'Malley DM, Kao YH, Fetcho JR (1996). Imaging the functional organization of zebrafish 
hindbrain segments during escape behaviors. Neuron 17(6): 1145-1155. 
 
Ohno-Shosaku T, Kano M (2014). Endocannabinoid-mediated retrograde modulation of 
synaptic transmission. Curr Opin Neurobiol 29C: 1-8. 
 
Ohta Y, Dubuc R, Grillner S (1991). A new population of neurons with crossed axons in the 
lamprey spinal cord. Brain Res 564(1): 143-148. 
 
Palmer CR, Kristan WB (2011). Contextual modulation of behavioral choice. Curr Opin 
Neurobiol 21(4): 520-526. 
 
Parenti R, Gulisano M, Zappala' A, Cicirata F (2000). Expression of connexin36 mRNA in 
adult rodent brain. Neuroreport 11(7): 1497-1502. 
 
Parker D, Grillner S (2000). The activity-dependent plasticity of segmental and intersegmental 
synaptic connections in the lamprey spinal cord. Eur J Neurosci 12(6): 2135-2146. 
 
Pearson KG (2000). Neural adaptation in the generation of rhythmic behavior. Annu Rev 
Physiol 62: 723-753. 
 
Pereda AE (2014). Electrical synapses and their functional interactions with chemical synapses. 
Nat Rev Neurosci 15(4): 250-263. 
 
Poon MLT (1980). Induction of swimming in lamprey by L-DOPA and amino acids Vol. 136, 
pp 337-344. Journal of comparative physiology. 
 
Portugues R, Feierstein CE, Engert F, Orger MB (2014). Whole-brain activity maps reveal 
stereotyped, distributed networks for visuomotor behavior. Neuron 81(6): 1328-1343. 
 
Powers RK, Binder MD (1996). Experimental evaluation of input-output models of 
motoneuron discharge. J Neurophysiol 75(1): 367-379. 
 
Preuss T, Osei-Bonsu PE, Weiss SA, Wang C, Faber DS (2006). Neural representation of 
object approach in a decision-making motor circuit. J Neurosci 26(13): 3454-3464. 
 
Pérez CT, Hill RH, Grillner S (2013). Modulation of calcium currents and membrane properties 
by substance P in the lamprey spinal cord. J Neurophysiol 110(2): 286-296. 
 
 42 
Rash JE, Dillman RK, Bilhartz BL, Duffy HS, Whalen LR, Yasumura T (1996). Mixed 
synapses discovered and mapped throughout mammalian spinal cord. Proc Natl Acad Sci U S A 
93(9): 4235-4239. 
 
Rekling JC, Shao XM, Feldman JL (2000). Electrical coupling and excitatory synaptic 
transmission between rhythmogenic respiratory neurons in the preBötzinger complex. J 
Neurosci 20(23): RC113. 
 
Roberts A, Kahn JA, Soffe SR, Clarke JD (1981). Neural control of swimming in a vertebrate. 
Science 213(4511): 1032-1034. 
 
Romo R, Salinas E (2003). Flutter discrimination: neural codes, perception, memory and 
decision making. Nat Rev Neurosci 4(3): 203-218. 
 
Saint-Amant L, Drapeau P (2000). Motoneuron activity patterns related to the earliest behavior 
of the zebrafish embryo. J Neurosci 20(11): 3964-3972. 
 
Satou C, Kimura Y, Kohashi T, Horikawa K, Takeda H, Oda Y, et al. (2009). Functional role of 
a specialized class of spinal commissural inhibitory neurons during fast escapes in zebrafish. J 
Neurosci 29(21): 6780-6793. 
 
Shafer MR, Calabrese RL (1981). Similarities and differences in the structure of segmentally 
homologous neurons that control the hearts of the leech, Hirudo medicinalis. Cell Tissue Res 
214(1): 137-153. 
 
Sherrington CS (1925). Remarks on some Aspects of Reflex Inhibition Vol. 97, pp 519-545. 
Proceedings of the Royal Society of London. 
 
Shirasaki R, Pfaff SL (2002). Transcriptional codes and the control of neuronal identity. Annu 
Rev Neurosci 25: 251-281. 
 
Sillar KT, Simmers AJ (1994). Electrical coupling and intrinsic neuronal oscillations in Rana 
temporaria spinal cord. Eur J Morphol 32(2-4): 293-298. 
 
Smith JC, Ellenberger HH, Ballanyi K, Richter DW, Feldman JL (1991). Pre-Bötzinger 
complex: a brainstem region that may generate respiratory rhythm in mammals. Science 
254(5032): 726-729. 
 
Sotelo C, Llinás R (1972). Specialized membrane junctions between neurons in the vertebrate 
cerebellar cortex. J Cell Biol 53(2): 271-289. 
 
Stein PS (1971). Intersegmental coordination of swimmeret motoneuron activity in crayfish. J 
Neurophysiol 34(2): 310-318. 
 
Stein PS (1999). Central pattern generators and interphyletic awareness Vol. 123, pp 259-272. 
Progress in brain research. 
 
Stellabotte F, Devoto SH (2007). The teleost dermomyotome. Dev Dyn 236(9): 2432-2443. 
 
Sugiura T, Kishimoto S, Oka S, Gokoh M (2006). Biochemistry, pharmacology and physiology 
of 2-arachidonoylglycerol, an endogenous cannabinoid receptor ligand. Prog Lipid Res 45(5): 
405-446. 
 
Sugiura T, Waku K (2002). Cannabinoid receptors and their endogenous ligands. J Biochem 
132(1): 7-12. 
 
Svoboda KR, Fetcho JR (1996). Interactions between the neural networks for escape and 
swimming in goldfish. J Neurosci 16(2): 843-852. 
 
   43 
Talpalar AE, Bouvier J, Borgius L, Fortin G, Pierani A, Kiehn O (2013). Dual-mode operation 
of neuronal networks involved in left-right alternation. Nature 500(7460): 85-88. 
 
Tanimura A, Uchigashima M, Yamazaki M, Uesaka N, Mikuni T, Abe M, et al. (2012). 
Synapse type-independent degradation of the endocannabinoid 2-arachidonoylglycerol after 
retrograde synaptic suppression. Proc Natl Acad Sci U S A 109(30): 12195-12200. 
 
Tanimura A, Yamazaki M, Hashimotodani Y, Uchigashima M, Kawata S, Abe M, et al. (2010). 
The endocannabinoid 2-arachidonoylglycerol produced by diacylglycerol lipase alpha mediates 
retrograde suppression of synaptic transmission. Neuron 65(3): 320-327. 
 
Tresch MC, Kiehn O (2000). Motor coordination without action potentials in the mammalian 
spinal cord. Nat Neurosci 3(6): 593-599. 
 
Tsetsenis T, Younts TJ, Chiu CQ, Kaeser PS, Castillo PE, Südhof TC (2011). Rab3B protein is 
required for long-term depression of hippocampal inhibitory synapses and for normal reversal 
learning. Proc Natl Acad Sci U S A 108(34): 14300-14305. 
 
van Raamsdonk W, van't Veer L, Veeken K, Heyting C, Pool CW (1982). Differentiation of 
muscle fiber types in the teleost Brachydanio rerio, the zebrafish. Posthatching development. 
Anat Embryol (Berl) 164(1): 51-62. 
 
Wallén P, Christenson J, Brodin L, Hill R, Lansner A, Grillner S (1989). Mechanisms 
underlying the serotonergic modulation of the spinal circuitry for locomotion in lamprey. Prog 
Brain Res 80: 321-327; discussion 315-329. 
 
Walton KD, Navarrete R (1991). Postnatal changes in motoneurone electrotonic coupling 
studied in the in vitro rat lumbar spinal cord. J Physiol 433: 283-305. 
 
Waterman RE (1969). Development of the lateral musculature in the teleost, Brachydanio rerio: 
a fine structural study. Am J Anat 125(4): 457-493. 
 
White JG, Southgate E, Thomson JN, Brenner S (1986). The structure of the nervous system of 
the nematode Caenorhabditis elegans. Philos Trans R Soc Lond B Biol Sci 314(1165): 1-340. 
 
Willecke K, Eiberger J, Degen J, Eckardt D, Romualdi A, Güldenagel M, et al. (2002). 
Structural and functional diversity of connexin genes in the mouse and human genome. Biol 
Chem 383(5): 725-737. 
 
Wilson RI, Kunos G, Nicoll RA (2001). Presynaptic specificity of endocannabinoid signaling in 
the hippocampus. Neuron 31(3): 453-462. 
 
Wyart C, Del Bene F, Warp E, Scott EK, Trauner D, Baier H, et al. (2009). Optogenetic 
dissection of a behavioural module in the vertebrate spinal cord. Nature 461(7262): 407-410. 
 
Yaksi E, Wilson RI (2010). Electrical coupling between olfactory glomeruli. Neuron 67(6): 
1034-1047. 
 
Yoshino H, Miyamae T, Hansen G, Zambrowicz B, Flynn M, Pedicord D, et al. (2011). 
Postsynaptic diacylglycerol lipase mediates retrograde endocannabinoid suppression of 
inhibition in mouse prefrontal cortex. J Physiol 589(Pt 20): 4857-4884. 
 
Younts TJ, Castillo PE (2014). Endogenous cannabinoid signaling at inhibitory interneurons. 
Curr Opin Neurobiol 26C: 42-50. 
 
Zhang HY, Li WC, Heitler WJ, Sillar KT (2009). Electrical coupling synchronises spinal 
motoneuron activity during swimming in hatchling Xenopus tadpoles. J Physiol 587(Pt 18): 
4455-4466. 
 
 44 
Zhang J, Lanuza GM, Britz O, Wang Z, Siembab VC, Zhang Y, et al. (2014). V1 and v2b 
interneurons secure the alternating flexor-extensor motor activity mice require for limbed 
locomotion. Neuron 82(1): 138-150. 
 
Zhong G, Droho S, Crone SA, Dietz S, Kwan AC, Webb WW, et al. (2010). 
Electrophysiological characterization of V2a interneurons and their locomotor-related activity 
in the neonatal mouse spinal cord. J Neurosci 30(1): 170-182. 
 
 
 
